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GEOMETRIC, AERODYNAMIC, AND KINEMATIC CWCTERISTICS 
OF TWO TWIN KEEL PARAWINGS DURING DEPLOYMENT 

By Paul M. Kenner,   Frederic T .  Churchill 
and  Ralph B. Holt 

Vought Missiles and Space  Division 

SUMMARY 

This  study  seeks t o  determine  the  geometric,  aerodynamic and 
k inemat i c   cha rac t e r i s t i c s   o f   t he  deployment phase  of two in te rmedia te   s ize  
(5000 l b  payload) , twin  keel,   parawings by ana lys i s   o f   f l i gh t  t e s t  da ta .  
The f l i g h t  tests were conducted at  t h e  D.0 .D.  Jo in t   Parachute   Tes t   Fac i l i ty  , 
E l  Centro,   California  in  October 1968. Both tes t s  employed a parawing 
deployment  sequence c o n s i s t i n g   o f   f i v e   s t a g e s   o f   i n f l a t i o n .  

The motion  of  various  points on  each  canopy w a s  determined  during  the 
c r i t i c a l   e v e n t s  from f i r s t  s tage  disreef   through  fourth  s tage  inf la t ion.  
These da t a  are presented   in   curves  showing displacement , ve loc i ty ,  and 
accelerat ion  of  a point   as   funct ions  of  t i m e .  The displacement  data were 
taken  directly  from  ground camera records.  The ve loc i ty  and acce lera t ion  
were ca lcu la ted  by d i f f e r e n t i a t i o n .  

Canopy geometry  and  aerodynamic  pressure  distributions were determined 
f o r  each f l i g h t  at the c r i t i c a l  times of first and second  s tage   in f la t ion .  
The c r i t i c a l   t i m e s  were determined  by  analysis of da t a  from t h e  t e s t  vehic le  
accelerometers ,   suspension  l ine  load  cel ls ,  and photographic  recordings. 
The aerodynamic  pressure  distributions were determined from t h e  measured 
shapes and v e l o c i t i e s  by  conventional  approximation  techniques  combining 
closed form so lu t ions ,   empir ica l  results , and t e s t   d a t a   f o r  similar con- 
d i t i o n s .  The r e s u l t s  are presented  as   pressure  dis t r ibut ion  curves  on 
Various  cross  Sections and as spanwise  and  chordwise  load  distributions 
and t h e i r   i n t e g r a l s .  The time h i s to r i e s   o f   t he   p ro j ec t ed   d rag  areas were 
determined  from  payload  photographic  records  throughout a l l  phases of deploy- 
ment. 

INTRODUCTION 

The development of  technology  for  f lexible  recovery  devices  having a 
capabili ty  for  gliding  f l ight  has  been  pursued  by  the  parawing  research 
program at t h e  NASA Langley  Research  Center  for  over a decade  (reference 1). 
From the   s tandpoin t   o f  maneuver capab i l i t y  and  descent ra te ,  parawings  are 
c lear ly   super ior   to 'parachutes   o f   equa l  canopy area. However, t he   r ea l i za -  
t i o n  of the  apparent  potential   of  parawings depends upon t h e i r   a b i l i t y   t o  
meet competitive  weight  and  packing volume requirements  while  maintaining 
an  adequate  margin  against  tearing. 



Packing volume can  be  minimized  by  employing  an  all-flexible  para- 
wing, t h a t  i s  , a configurat ion  with no r ig id   suppor t ing   s t ruc tu re .  Con- 
sequent ly ,  a considerable volume of  research  has  been  devoted t o   t h e  
determination  of  the  performance  and  deployment  characteristics  of  various 
a l l - f lex ib le   des igns .  The s t a t u s   o f   t h e   r e s e a r c h   i n   t h i s  area through 
September 1968 i s  summarized i n   r e f e r e n c e  2. I n   p a r t i c u l a r ,   t h e   o b j e c t i v e s  
and  scope  of  the  contract work being done by  Northrup  Ventura f o r  Langley 
Research  Center i s  presented.   In   the  performance  of   their   contractual  
obligations,  Northrup  Ventura  encountered some d i f f i c u l t i e s   w i t h   t h e  
deployment of   the   in te rmedia te   s ize  (5000 lb  payload)  twin  keel  parawing. 
Repeated  instances  of  canopy damage were  experienced at intermediate  
dynamic pressures  (60 p s f )  even  though  f ive  stages  of  reefing were  employed. 
The seve r i ty  of t h i s  problem w a s  unexpected  since  drop t e s t s  and  wind 
tunnel  experiments  with  smaller  parawings  had  indicated  that   with  proper 
reef ing ,  dynamic pressures  at deployment of  100 psf  were f e a s i b l e   ( r e f -  
erences 2,  3, and 4 ) .  

The general   purpose  of  the  present  study i s  t o  determine  the  geometric, 
aerodynamic,  and  kinematic  characteristics  of  the  deployment  phase  of two 
of t h e   f l i g h t s  , designated 203-T and 205-T , i n  which damage was experienced. 
A pa r t i cu la r   ob jec t ive  i s  to   p rov ide   t he   da t a   necessa ry   fo r  a s t r u c t u r a l  
analysis   of  one o f   t h e   f l i g h t s  at  the   t ime  of   fa i lure .  For each f l i g h t ,  
the   resu l t s   inc lude   the   p ro jec ted   d rag   a rea  of t he  canopy throughout a l l  
stages  of deployment , the  motion  of  various  points on t h e  canopy during 
i n f l a t i o n   o f   t h e   s e c o n d ,   t h i r d ,  and fourth  s tages  , and t h e  canopy  shape 
and p res su re   d i s t r ibu t ion  at  t h e   c r i t i c a l   t i m e s   d u r i n g   f i r s t  and  second 
s t age   i n f l a t ion .   In   add i t ion ,   de t a i l ed  canopy  mold l o f t   l i n e  drawings  are 
presented   for   the   c r i t i ca l   ( fa i lure)   t ime  dur ing   second  s tage   in f la t ion   o f  
';he f l i g h t  (203-T) se lec ted   for   subsequent   s t ruc tura l   ana lys i s .  

A 

a 

afm 

a1 c 

C 

C 

cs 

CP'  ACP 

SYMBOLS 

t rue   p ro jec ted   l ength   o f   an   ob jec t  as seen normal 
t o   t h e   l i n e   o f   s i g h t  , i n  

re ference   po in t   for  wing cross   sec t ion .  Also, length 
of  object  of  dimension A as measured on t h e  film, i n  

a f t e r  first motion 

a f t e r   l i n e   c u t  

wing chord,  in.  Also center  wing (reefed)   fore-af t  
dimension  measured  on t h e  f i l m ,  i n  

speed  of sound, i n / sec  

camera  speed 

p res su re   coe f f i c i en t  and d i f f e r e n t i a l   p r e s s u r e  
coef f ic ien t ,   respec t ive ly  

drag area 
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EAST, X, SOUTH, Y 

F 
-f 

f 

L 

L.E.  

~ 1 ,  ~ 2 ,  .. ., ~6 

L a ,  . .  . )  LKl2 

LT1,  LT2,  LT3 

M 
-b 

L1 

P ,  Psr AP 

9 

R 1 ,  R 2 ,  ..., R 6  

R I U ,  . .., RKl2 

RT1 , RT2 , RT3 

d i s t r ibu ted .   l oad   . coe f f i c i en t s  , chordwise,  spanwise , 
and v e r t i c a l  

t o t a l   a i r f o r c e   c o e f f i c i e n t s  , chordwise,  spanwise, 
and v e r t i c a l  

s lant   range  a long  the camera l i n e   o f   s i g h t ,  i n  

t r a n s l a t i o n   o f   t h e   r i g h t  and l e f t   l o b e  axis with 
r e s p e c t   t o   t h e  canopy  axes , i n .  , respec t ive ly  

horizontal   range  coordinates  

force  vector   on canopy surface,  lb 

number of  camera  frames t o   l i n e   c u t   o f  f irst  s tage  
d i s r e e f ,   l i n e   t r a n s f e r ,  and  program  chute  disconnect, 
respec t ive ly  

x ,  y , and z components o f   F ,   l b .  

camera foca l   l ength ,  i n  

-+ 

ground-to-air 

un i t   vec tors   d i rec ted   a long   pos i t ive  x, y,  and z 
lobe  axes 

wing  semispan. Also, t rue   l ength  from t e s t   v e h i c l e  
center   o f   g rav i ty   to   the   re fe rence   p lane   o f   the  
canopy, i n  

wing leading or forward  edge 

leading edge suspension  l ines1,   lef t   lobe,   Figure 1 

keel   suspension  l ines ' ,   lef t   s ide,   Figure 1 

t r a i l i n g  edge  suspension  l ines ' ,   lef t   s ide,   Figure 1 

magnification  factor  for  the  motion  analyzer 

u n i t   v e c t o r ,  outward drawn normal t o   s u r f a c e  

p re s su re ,   s t a t i c   p re s su re ,  and d i f f e r e n t i a l   p r e s s u r e ,   l b / i n 2  

f r e e  stream dynamic pressure 

leading  edge  suspension  lines1 , r igh t   l obe ,   F igu re  1 

keel   suspension  l ines1,   r ight   s ide,   Figure 1 

t r a i l i n g  edge  suspension  lines1 , r i g h t   s i d e  , Figure 1 

'Also used to   denote   the   po in t  a t  which t h e   l i n e  i s  a t t a c h e d   t o   t h e  canopy. 
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T.E. 

V 

AV 

V / a  

X 
- 

x', y ' ,  z '  

x ' ,   y ' ,  z '  
0 .  .. .. 

1x1, I y ' ,  I z '  

PaEmEkrS  describing  the  chordwise  and  spanwise 
wing opening   charac te r i s t ics  , Figures 9 and 1 0  

drx/dt  , dry/ d t  

d lx /d t  , &by/dt 

= L/SF = t r u e   l e n g t h  of vector  rol i n   t h e   s c a l e  of 
t he   p i c tu re ,   i n . .  

project ion  of  r i n  view ( a )  , i n .  

projected wing a rea  

-+ 

-+ 
01 

elapsed  t ime  of   f l ight ,   Table  1 

t ime  of   l ine  cut   of  f i rs t  s t a g e   d i s r e e f ,   l i n e   t r a n s f e r ,  
and  program  chute  disconnect 

wing t r a i l i n g ,  or a f t  , edge 

f ree   s t ream  ve loc i ty  

ve loc i ty  change   dur ing   a r res t ing   o f   in f la t ion ,   f t / sec  

v e h i c l e   t o  a i r  

m a x i m u m  lobe  half  chord 

lobe  coordinate  system,  Figure 1 5  

canopy coordinate  system,  Figure 1 5  

tes t   vehicle   coordinate   system,  Table  2 

components of  tes t   vehic le   acce le ra t ion ,   F igures  5(a)  
and 6 (  a)  

d is tance  from t e s t   v e h i c l e   n o s e   t o   c e n t e r  of mass, 
Table 2 

mOrnentS of i n e r t i a  of t he   t e s t   veh ic l e   w i th   r e spec t  t o  
i t s  center  of mass, about  the x' , y ' ,  z '  axes  respec- 
t ive ly ,   Table  2 

clockwise  rotation of t h e   r i g h t  and l e f t   l obe   coord ina te s  
wi th   r e spec t   t o   t he  canopy axes,  deg 

dimensionless  semispan  coordinate 

t ransformation  angles  for computing t rue   l eng ths  from 
photographs  (see  Figure 21) , deg 

designates   rnul t fpl icat ion  process  (FORPAN) * 
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DESCRIPTION  OF  PARAWINGS AND FLIGHT  TESTS 

The f l i g h t   d a t a   a n a l y s e s   d e s c r i b e d   i n   t h i s   r e p o r t  are l i m i t e d   t o   t h e  
deployment  phase  of two drop   tes t s ,   des igna ted  203-T and 2O5-TY of   t he  
in t e rmed ia t e   s i ze ,  (4000 squa re   f ee t )  , twin  keel,  parawing.  These  wings 
were  developed  under a NASA Langley  Research  Center  contract  with  Northrup 
Venfmra.  The tests were conducted at t h e  DOD Jo in t   Parachute  Test F a c i l i t y ,  
E l  Centro,   California  in  October 1968. 

Parawing  Structure 

The canopy s t r u c t u r e  and  dimensions,   together  with  the  locations  and 
ex ten t   o f   t he   f a i lu re s ,   a r e  shown in   F igu re  1. The canopies  were  fabricated 
from a low permeability  (polyurethane  coated)  2.25  oz/yd2  nylon  rip-stop 
f ab r i c  (MPDS 5-25.201). The typical   panel   width was 28.8  inches.   Alternate 
panel  seams  were reinforced  with  nylon  tapes (MIL-T-5608 - 1500 l b .  , 2000 
l b .  , and 3000 l b .  , r a t ed   s t r eng th )  sewn  on both  top and bottom  surfaces.  
The loca t ions   o f   pa r t i cu la r   t ape   t ypes  i s  ind ica ted  by t h e   t o t a l   r a t e d  
s t rengths  shown in   F igure  1. The keels  and  wing skirts  were reinforced 
with  nylon webbing (MIL-W-4088 - 3600 l b .  bottom s ide  and 5500 lb .   t op   s ide  
f o r   s k i r t s ;  9000 l b .   f o r   k e e l s ,  2 p e r   k e e l ) .  Nylon cords (MIL-C-7515 - 
3500 l b .  , 4500 l b .  , 5500 l b .  , and 10,000 l b .  , r a t ed   s t r eng th )  were used 
for  the  suspension  l ines.   Leading edge  suspension  l ines  are  designated 
L 1 ,  L2, . . . , ~6 and R 1  , . . . , R6 f o r   t h e   l e f t  and r igh t   lobes   respec t ive ly .  
A l l  a re  5500 lb.   cords  except  for R3 and L 3  which  have a 10,000 l b .   r a t i n g .  
T ra i l i ng  edge  suspension  l ines  are  designated LT1 ,  LT2, LT3,  and RT1 ,  RT2, 
RT3 , and a l l  have a 3500 l b .   r a t i n g .  Keel  suspension  l ines  (12  each  side) 
were at tached at the   i n t e r sec t ion  of t h e  seam reinforcement  and  the  keel 
webbing. A l l  a r e  4500 lb.   cords  except for LK1 , LK12 , R K l  , and FXl2  which 
have a 5500 l b .   r a t i n g .  

Figure 1. - Plan  view  of  intermediate  scale  parawing. 
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connector loop 

j ' igure 2. -~ Reefing  diagram. 

Deployment Technique  and  Reefing 

I n   b o t h   f l i g h t s   t h e  t e s t  vehic le  was r e l eased  from t h e  tes t  a i r c r a f t  
(C-119) a t  a ve loc i ty  of 120 knots IAS and at an a l t i t u d e   o f  20,000 f e e t .  
A p rogram  parachute   s tab i l ized   the   vehic le   and   brought   the   sys tem  to   the  
des i red   l eve l   o f  dynamic pressure .  A t  the   p roper  time ( p r e s e t )   t h e  program 
chute was r e l eased  and the  parawing  pilot   chute  deployed.  This  chute ex- 
tracted  the  parawing  packing  bag from t h e  t e s t  vehic le   and   a ided   in  i t s  
deployment. The deployment technique  used i n   t h e  t e s t s  cons is ted   o f   f ive  
s tages   o f  disreef and i n f l a t i o n .  The timing  of  each  event i s  presented 
i n  Table 1. The reefing  diagram i s  shown i n  Figure 2. The f u l l y   i n f l a t e d  
shapes  corresponding t o   t h e  f i r s t  four   reefed   s tages  are shown in   F igure  3. 

The parawing i s  ex t r ac t ed  from the  packing  bag  and  deployed t o   t h e  
f irst  reefed   s tage   wi th  a l l  of   the  suspension  l ines   of   equal   length.  A t  
the  completion  of f i rs t  s tage   in f la t ion ,   the   reef ing   l ines   p rovide   approxi -  
mately  the canopy shape shown fo r   s t age   one .  A t  t h i s   p o i n t  a l l  of   the 
r e e f i n g   l i n e s  are in t ac t .   Re fe r r ing  t o  F igu re   2 ,   t he   r ee f ing   l i nes   pas s  
through  reefing  r ings which are a t t a c h e d   t o   t h e  canopy a l o n g   t h e   s k i r t s  
and   kee ls .   In   reef ing ,   the  canopy mater ia l   between  reef ing  r ings i s  folded 
inward and t he   r i ngs  are brought  together.  The r e e f i n g   l i n e   c o n s t r a i n s  
the  gathered  assembly  to  a degree  determined  by  the  length  of  the  l ine.  
The t h i r d  stage ree f ing   l i ne   cons t r a ins   t he   t r a i l i ng   edge  so t h a t  R 6 ,  RT3,  
RT2 and RT1  a re   ga the red   t o  RK12;  RK12 and LK12 are brought   together ,  and 
~ 6 ,  LT3 ,  LT2 and LT1 a r e   g a t h e r e d   t o  LK12.  The second  s tage  reef ing  l ine 
ga thers   the   kee ls  and leading  edge  of  the  center  lobe (i . e . ,  po in ts  LK1,  
X 2 ,  . . . , LK12, and RK1, RK2, . . . , RK12). Two f i r s t  s t a g e   r e e f i n g   l i n e s  
are used, one f o r  each   s ide   l obe .   Fo r   t he   l e f t   s ide ,   t he   l i ne  i s  a t tached  
t o  LK12 and  passes  through  loops  along  the  reefed l e f t  k e e l   t o  LK1,  it 
then  gathers   the  leading edge (i .e .  , poin ts  L 1 ,  L2, . . . , L 6 ) ,  and  termin- 
ates at  the  connector  loop  between  the  cutters at LK12 and RK12. The r i g h t  
s i d e  i s  of   ident ica l   des ign .  

6 



The i n f l a t e d   s t a g e  one configurat ion,   (Figure 3) cons is t s   o f   th ree  
a i r  bags , each  with i t s  own i n l e t .  The cen te r   l obe   i n l e t  l ies  at t h e  
geometric  center  of  the  lower  surface and has  a common segment ( r ee fed   kee l  
l i n e )   w i t h  each s i d e   l o b e   i n l e t .  The remaining segment  of the  s ide  lobe 
i n l e t  i s  formed  by the   reefed   ( s ide   lobe)   l ead ing   edge .  The primary 
d i f f e rence   i n   t he   canop ies   o f   f l i gh t s  203-T and 205-T i s  i n   t h e   s i z e  of t he  
i n l e t s  , which i s  determined by the   l eng ths   o f   t he   r ee f ing   l i nes .   In   pa r -  
t i c u l a r ,   t h e   c e n t e r  and s i d e   l o b e   i n l e t s   o f  203-T had resu l tan t   reefed  
circumferences  of 120.1 inches  while 205-T had inlet   circumferences of 
86.'4 inches.   Since all of   the  suspension  l ines   are   of   the  same length  at 
t h i s  time , all of   the   in le t s   should   (approximate ly)   be   in  a plane  normal 
t o   t h e   f r e e  stream flow  and  thus  furnish ram air f o r   i n f l a t i o n .  

The f irst  s t age   r ee f ing   l i nes   a r e   r e s t r a ined  at the  wing t i p s  (L6 
and R 6 )  by a connector  loop which passes  through  eyelets at the  ends  of 
t h e   l i n e s .  A t  f i rs t  s tage   d i s reef  , t h e   r e s t r a i n t  i s  removed by  severing 
the  connector  loop a t  LK12 and RK12. The l ines   a re   subsequent ly  drawn 
through  the  r ings on the  s ide  lobe  leading  edges as the  lobes  deploy. A t  
the  completion  of  second  stage  inflation,  the  remaining  reefing  l ines  pro- 
vide  the canopy shape shown fo r   s t age  two. The center   lobe  configurat ion 
i s  unchanged  from stage  one. The ,s ide  lobes have a parachute - l i k e  con- 
f igura t ion   wi th   the   l ead ing  edge de f in ing   t he   pa rachu te   sk i r t .  

A t  second  s tage  disreef ,   the   keels   are   re leased by cut t ing  the  second 
s t age   r ee f ing   l i ne .  The leading and t r a i l i n g  edge of   the  center   lobe move 
apart  with  approximate symmetry until, %t f u l l   i n f l a t i o n ,   t h e   s t a g e   t h r e e  
configuration shown in   F igu re  3 i s  obtained. 

A t  t h i r d   s t a g e   d i s r e e f ,   t h e   t r a i l i n g  edges a re   re leased  by cu t t i ng  
t h e   t h i r d   s t a g e   r e e f i n g   l i n e .  A t  f u l l   i n f l a t i o n   a f t e r   t r a i l i n g  edge  deploy- 
ment , the  stage  four  Configurationshown  in  Figure 3 i s  obtained. The f i n a l  
d i s reef ing   s tep   ( l ine   t ransfer )   cons is t s   o f   a l lowing   the   suspens ion   l ines  
t o  extend from equal   l engths   to   the i r   g l ide   conf igura t ion .  

F l igh t  Data 

The f l i gh t   da t a   i nc luded  16 mm color  movie f i lm ,  70 m black  and  white 
sequence  photographs, telemetry  records on t e s t   veh ic l e   acce le ra t ion  and 
suspension  l ine  loads , and  Askania ( space  posit ioning  and  tracking)  records.  

The 16  mm color  movie f i lm  were recorded by ground  cameras , a camera 
on board  the tes t  vehic le ,  an a i r  t o  a i r  (chase  plane)  camera,  and  cameras 
on b o a r d   t h e   t e s t   a i r c r a f t .  Nominal f i l m  speeds f o r   t h e  1 6  mm ground  cameras 
were 24 frames per  second  (40  inch  focal  length) and 100 frames  per  second 
(60 and 100 inch   foca l   l engths) .  The airborne cameras  had  nominal  speeds 
of 200 frames per  second  and  the 70 m ground  camera was operated a t  a 
nominal  speedof 10 frames per  second.  Unfortunately,  locations  of  the  ground 
cameras  were not  recorded. 
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K -  St  age  three 

Y S t  age four  

Figure 3.- I n f l a t e d  conopy shapes. 
~ ~ ~ ~. ~. - 

TABLE 1 SEQUENCE OF EVENTS 

No. Event 
F l i g h t  203-T F l i g h t  205-T 

Elapsed Time-Sec Elapsed Time-Sec 

1. Time of   launch  f lashbulb O.Oh8 -0.002 

2. Program  chute   inf la t ion 3.549 3.110 

3.  Program  chute  disconnect 27.357 26.246 

4.  L i n e   s t r e t c h  28.760 27.574 
5 .  F i r s t   s t a g e  Parawing 29.596 28.537 

r e e f e d   i n f l a t i o n  

6. F i r s t   s t a g e   r e e f i n g   c u t  35.063 33.956 

7. Second  stage  Parawing 35.354 34.559 
r e e f e d   i n f l a t i o n  

8. Second s t a g e   r e e f i n g   c u t  38.119 36.825 
9. Third  stage  Parawing 38.797 37,246 

r e e f e d   i n f l a t i o n  

10. Th i rd   s t age   r ee f ing   cu t  41.581 40.634 

11. Line   t r ans fe r  45.234 44.163 

12.  Full Parawing   i n f l a t ion  46.748 45.618 
13. Landing  impact 803.570 838.007 
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The dimensions  and i n e r t i a   d a t a   f o r   t h e   t e s t   v e h i c l e s   a r e   p r e s e n t e d   i n  
Table 2. Except   for   the  skids ,   the   vehicles   are   geometr ical ly   symmetr ic  
about  the z' axis .  Two skids are  permanently  attached  to  the body of  each 
veh ic l e   w i th   t he   sk id   runne r s   pa ra l l e l   t o   t he  z '  axis. The x' axis i s  
chosen  such tha t   the   sk id   runners   a re   equid is tan t  from the  x '  , z '  plane.  
The  moments o f   i n e r t i a   ( I x ' ,   I y ' ,  1 2 ' )  a re   t aken   wi th   respec t   to   the   cen ter  
of m a s s  ( e .g . ,   I x '  i s  the  moment o f   i n e r t i a   w i t h   r e s p e c t   t o   t h e   c e n t e r   o f  
mass about  the x '  axis). 

The instrumentat ion  layout  i s  shown in   F igu re  4. Test   vehicle   accelera-  
t i o n  was  measured  by a tr iaxial  accelerometer  located  approximately a t  the  
vehicle  center  of mass. Suspension  l ine  loads were  measured f o r   l i n e s  LK12, 
~ 6 ,  L 3 ,  and L 1  (Figure 1) by  load   ce l l s   loca ted  515 inches from the  canopy 
sk i r t .   Tota l   suspens ion   loads  were taken from r iser-vehicle   l inks:   forward 
and a f t   p r i o r   t o   l i n e   t r a n s f e r ;   f o r w a r d ,   a f t ,  l e f t ,  and r i g h t   t h e r e a f t e r .  
The osci l lograph  records  are  shown in   F igu re  5 f o r   f l i g h t  203-T and i n  
F igure   6 for  205-T.  The t ime,  t , i s  the  elapsed  t ime  in  seconds as presented 
i n  Table 1. The events  of  Table 1 are   i nd ica t ed   i n   F igu res  5 and 6 by  the 
numbered v e r t i c a l   l i n e s .  For  example, t h e   i n i t i a l  peaks shown i n   t h e   f o r -  
ward and a f t   r i s e r   l o a d s   i n   F i g u r e  5 (  c )  , occur a t  event 4, which  according 
t o  Table 1 i s  l i n e   s t r e t c h .  The vehicle  accelerometer  readings shown i n  
Figures 5 ( a )  and 6 (  a )  r e f e r   t o   t h e   x '  , y ' , z ' vehicle  coordinate  system 
given i n  Table 2. For example, t h e  i" t r ace   g ives   t he   acce le ra t ion   i n   g ' s  
along  the z '  veh ic l e   ax i s .   I n   i n t e rp re t ing   t hese   da t a ,  it should  be  noted 
that   while   the n u l l  pos i t ions   o f   the  Z '  and v '  t r aces   a r e   bo th  0.0 g ' s  , the  
nu l l   pos i t i on  of t he  2 '  t r a c e  i s  1 .0  g ' s .  The reason for t h i s  i s  t h a t   t h e  
accelerometer  traces were ca l ib ra t ed   (nu l l ed )   w i th   t he   t e s t   veh ic l e   r e s t ing  
on i t s  skids  , so t h a t   i n  a f r e e   f a l l   c o n d i t i o n ,   t h e  2 '  t r a c e  w i l l  read 1 . 0  
g ' s   r a the r   t han  0.0 g ' s .  

The Askania  data  were  obtained  from a cinetheodolite  network of Askania 
and  Contraves  stations  and  include  posit ion,   velocity,  dynamic pressure ,  

drag  area,  and parawing  osci l la t ion  angle .  The deployment h i s t o r i e s   o f  
these  data   are  shown in   F igu res  7 and 8. The t ime, t ,  i s  the  elapsed  t ime 
i n  seconds as introduced  in  Table 1. The pos i t ion   o f   the   t es t   vehic le  
parawing  system i s  given i n  terms  of i t s  mean s e a   l e v e l   a l t i t u d e  and i t s  
horizontal   coordinates   with  respect   to   the  range  reference  point .  The 
East, X coordinate i s  measured  along  the East-West axis and i nc reases   i n  
va lue   to   the   Eas t .  The South, Y coordinate i s  measured  along  the  North- 
South  axis and increases  i n  value  to   the  South.  The ve r t i ca l   coo rd ina te  
with  respect   to   the  range  reference  point  may be  approximated  by  subtrac- 
t i n g  13.0 f t .  from t h e   a l t i t u d e .  The parawing  osci l la t ion i s  defined by 
the   ang le   o f f   t he   ve r t i ca l ,  which i s  measured  from t h e   v e r t i c a l   d i r e c t i o n  
at  the  range  reference  point  to  the  parawing  axis  connecting  the  test  
vehic le  and the  (assumed)  centroid  of  the canopy. The drag  area,  CDS, 
was ca lcu la ted  from the  observed  motion and dynamic pressure and r e f e r s  
t o   t h e   e n t i r e  canopy tes t   vehicle   system. 
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TABLE 2 TEST VEHICLF: PROPERTIES 

INERTIA DATA 

203-T 3465 47.3  195 9 816.6  856.0 

205-T 4643 48.5 222.2 894.3  897.0 

- 

Figure 4. - Instrumentation  layout 
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Figure 5 .  - 203-T Telemetry  data 
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Figure 7 .  - 203-T Askania  data 
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Figure 8. - 205-T Askania  data 
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CANOPY MOTION AND AREA 

The gross  motion  of  both  canopy tes t   vehicle   systems was g i v e n   i n  
the  preceeding  section  by  the  Askania  data  (Figures 7 and 8 ) .  This   sect ion 
presents   the   t ime  h i s tor ies   o f   the   re la t ive   mot ion   (d i sp lacement ,   ve loc i ty ,  
and accelerat ion)   of   var ious  points  on the   canop ies   du r ing   t he   c r i t i ca l  
deployment events from f i rs t  s t a g e   d i s r e e f   t o   l i n e   t r a n s f e r .  The displace- 
ment da t a  were obta ined   d i rec t ly  from  ground  camera  records. The ve loc i ty  
and acce lera t ion  were ca lcu la ted  by d i f f e ren t i a t ion .   In   add i t ion ,   t he  
measured  time  history  of  the  canopy  projected drag area throughout  deployment 
i s  presented   for   bo th   f l igh ts .  

Method of  Analysis 

A t o t a l  o f   t h i r t e e n  16 mm color  movie fi lms were ava i lab le   for   k ine-  
matic  analysis  of  the two f l i g h t s .  Of these,   only  the  ground  to  air  cameras 
operat ing at 100 frames  per  second  provided  consistently  usable  data  for 
canopy motion  analysis.. The t e s €   v e h i c l e   t o  air records  could  have  been 
qui te   va luable   except   tha t   the   osc i l la t ion   o f   the   vehic le   re la t ive   to   the  
canopy frequent ly   put   the   points  of i n t e r e s t   o u t   o f   t h e   f i e l d  of  view. 
Moreover,  camera  placement was such tha t   the   kee l   suspens ion   l ines   obscured  
much of  the  r ight  side  of  the canopy u n t i l   a f t e r  second  s tage  disreef .  The 
ground t o  a i r  sequences a t  24 frames  per  second were not  used  because  of 
t he  slow  frame  speed. The pr imary  diff icul ty   with  the a i r  t o  a i r  deployment 
records was t h a t   t h e y  were taken from a f ixed wing a i r c r a f t  maneuvering 
below the  parawing - thus  covering  essent ia l ly   the same a rea  as the  ground 
t o  a i r  camera,  but  from a continuously  changing  view  angle.  Although  the 
motion  of t h e   a i r c r a f t   c r e a t e s   s e v e r a l  problems i n   t h e  development  of 
de t a i l ed   t ime   h i s to r i e s ,   t he  a i r  t o  a i r  records would have  been  valuable 
( p a r t i c u l a r l y   i n   t h e  development of  instantaneous canopy shapes)  had  the 
a i r c r a f t  been f ly ing  above the  parawing. 

The po in t s   s e l ec t ed   fo r   t he   s tudy   o f  canopy motion  were  chosen on the  
b a s i s   o f   t h e i r   v i s i b i l i t y   i n   t h e   f i l m   r e c o r d s  and t h e i r   a b i l i t y   t o   c h a r a c -  
te r ize   the   par t icu lar   s tage   o f   in f la t ion   under   ana lys i s .  From f i r s t   d i s -  
r e e f   t o   l i n e   t r a n s f e r ,   t h e   o n l y   r e p r e s e n t a t i v e   p o i n t s  whose motion  could 
be   cons is ten t ly   ident i f ied  were the  reinforcement  patches on the   l ead ing  
edges  (Figure 1). Similar   patches on the   kee ls  were v is ib le   a f te r   second 
stage  disreef.   There were  no c h a r a c t e r i s t i c   i d e n t i f i a b l e   p o i n t s   v i s i b l e  
d u r i n g   f i r s t   s t a g e   i n f l a t i o n  and  consequently no t ime  h i s tor ies  were 
ob ta ined   fo r   t h i s   s t age .  However, t h e  motion  during f irst  s t a g e   i n f l a t i o n  
i s  discussed  quali tatively  in  connection  with  the  analysis  to  determine 
the  peak  loading  conditions.  

The relat ive  displacements   of   points  on t h e   i n f l a t i n g  canopy  were 
obtained by means of   over lays   o f   the   h i s tory   o f   the  canopy configurat ion 
during  the  stage  considered. The overlays were t raced  from  page s i z e  
( 8  x 10)  images of   the  16mm film pro jec ted  on the  working  surface  of a 
v i sua l  motion  analyser.   Reference  points  for  overlay  superposit ion  were 



se l ec t ed  on the   bas i s   o f   t he i r   s t a t iona ry   cha rac t e r .   Fo r   example ,   du r ing  
second  s tage   in f la t ion   the   shape   of   the   cen ter   lobe   remains   essent ia l ly  
una l te red .   Consequent ly ,   the   ou t l ine   o f   the   in f la ted   lobe   and   the   pos i t ion  
of i t s  i n l e t  were used  for   successive image o r i e n t a t i o n .   I n   a d d i t i o n   t o  
the  problem  of   select ing  reference  points ,   there  are p o s s i b i l i t i e s   f o r  
e r r o r s   i n   s c a l i n g  , i n   t i m i n g ,   a n d   i n  image shortening due t o  camera  view 
angle. An assessment   of   the   extent   of   these  errors  i s  p r e s e n t e d   i n   t h e  
Appendix,  together  with a detai led  account   of   the   motion  analysis .  

Resul ts  

The r e s u l t s   o f   t h e   r e l a t i v e  motion  analysis are presented   in   F igure  9 
f o r   f l i g h t  203-T and in   F igu re  10 f o r  205-T. For convenience two time 
sca l e s  are employed, the  e lapsed  t ime  of   f l ight   (Table  1) and t h e  time 
a f t e r  f i rs t  motion. The l a t t e r  i s  t h e  time i n  seconds  measured  from  the 
i n s t a n t  at  which relat ive  motion  associated  with a pa r t i cu la r   s t age   o f  
i n f l a t i o n  was f i rs t  observed. The displacements shown represent   bas ic  
da ta  as measured d i r e c t l y  from photographic  images. Each f igure   inc ludes  
a sketch  of   the  character is t ic   view from  which the  data   were  der ived,  show- 
ing  the  dimension  represented by the  displacements .   In   addi t ion,   the  
appl icable   correct ion  factor   resul t ing  f rom  the  considerat ion  of   error  due 
t o  camera  view  angle i s  presented.  To obta in   cor rec ted   va lues ,   mul t ip ly  
the   d i sp lacements ,   ve loc i t ies ,  and acce le ra t ions   g iven   i n   t he   f i gu res  by 
the   ind ica ted   cor rec t ion   fac tor .  

The deployment of   the   r igh t  (or l e f t )   lobe   dur ing   second  s tage   in -  
f l a t i o n  i s  charac te r ized  by  two basic  dimensions: The spanwise  displace- 
ment o f   t he   a t t ach   po in t   o f   suspens ion   l i ne  R3 (or L 3 )  r e l a t i v e   t o   t h e  
centroid of t h e   c e n t e r   l o b e   i n l e t ,  and the  maximum chordwise  dimension  of 
t h e   l o b e   i n l e t .  The spanwise  displacement  data are p resen ted   i n   F igu res  
9 ( a )  , 9 ( b ) ,  lO(a) and 10(b). The chordwise i n l e t   s i z e  data are  shown i n  
Figures 9 (  c )  and 1O(c ) .   Fo r   s econd   s t age   d i s r ee f   t o   t h i rd   s t age   i n f l a t ion  
(Figures  9(d)  and lO(d)),  the  dimension shown i s  onehal f   o f   the   d i sp lace-  
ment of a poin t  on the   l ead ing   edge   re la t ive   to   the   cen ter   o f   the   reefed  
t r a i l i ng   edge .   F ina l ly  , fou r th   s t age   i n f l a t ion   (F igu re   lO(e )  ) i s  charac- 
t e r i z e d  by  one half   of   the   re la t ive  displacement   of   the   a t tach  points   of  
suspension  l ines ~6 and R6. A t  the   complet ion  of   fourth  s tage  inf la t ion , 
t h i s  dimension i s  e q u a l   t o  one half   of  the  parawing  span. 

The t ime  h i s tor ies   o f   the   p ro jec ted   d rag  areas of   the  two f l i g h t s   a r e  
shown in   F igu re  11. The areas were  measured d i r e c t l y  from t h e   v e h i c l e   t o  
air  f ih and  corrected  to   approximate  normali ty   with  the  f l ight   path.  The 
correct ions were based on the  Askania  f l ight  path  data  and  the  apparent 
angle  between  the  camera  line of s i g h t  and the   suspens ion   l i nes .  The 
absc issa  i s  the  e lapsed time i n  seconds as in t roduced   in   Table  1. The times 
at which the   var ious   reef ing   l ines  were cut are ind ica ted   in   F igure  11 by 
the  numbered v e r t i c a l  l i n e s .  The l i n e  numbers correspond t o   t h e   e v e n t  
numbers of  Table 1. 
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Discussion  of Canopy Motion 

Second s t a g e   i n f l a t i o n .  - Second s t a g e   i n f l a t i o n  i s  character ized  by 
the  motion  of  the  leading  edges  of  the  side  lobes.   In  the stage one con- 
f igura t ion   (F igure  3) the  reefed  s ide  lobe  leading  edge forms p a r t  of t h e  
i n l e t   f o r   t h e   l o b e ' s  a i r  bag  configuration. After t h e  first s t age   r ee f ing  
l i n e s  are f r eed  by cutt ing  the  connector  loop  (Figure 2 ) ,  the   s ide   lobe  
leading  edges  deploy t o  form the  skir ts   of   the   parachute- l ike  (s tage  two) 
lobe  configurat ion shown in   F igu re  3. Unl ike   the   ax ia l ly  symmetric opening 
of a parachute,  however,  the  leading  edge deployment i s  accompanied by 
d i s t inc t ly   d i f f e ren t   t r ansve r se   ( spanwise )  and fore-aft  (chordwise)  motion. 
The spanwise  motion i s  described by the  displacement   of   a t tach  points  R 3  
and L 3  r e l a t ive   t o   t he   cen t ro id   o f   t he   cen te r   l obe   i n l e t   (F igu res  9( a ) ,  
g ( b ) ,  lO(a) and 1 0 ( b ) ) .  The chordwise  motion i s  described  by  the m a x i m u m  
chordwise  dimensions of t h e   l o b e   i n l e t  as defined by the  deploying  leading 
edge (F igures   g (c)   and   lO(c) ) .  

I n   f l i g h t  203-T, t h e  f irst  motion  of  the l e f t  lobe w a s  observed 
immediately a f te r  the  connector  loop was severed. Motion of  the  ri.ght  lobe 
was observed  0.03  seconds l a t e r ,  and t h e  two lobes  proceeded t o   i n f l a t _ e  
approximately  simultaneously. A t  0 .21  seconds  af ter   the  f i r s t  motion w a s  
observed (afm) , the  spanwise  displacement  (Figures g ( a )  and g ( b ) )   o f   p o i n t s  
R3 and L3 reached  the maximum allowed by t h e  canopy geometry  and the  span- 
wise  motion was suddenly  arrested.  Simultaneously, a tear  f a i l u r e  w a s  
observed in   t he   r i gh t   l obe   nea r   po in t  R 3 .  The f a i l u r e  was apparently  the 
r e su l t   o f   t he  aerodynamic  shock  associated  with  the  sudden  termination  of 
the  spanwise  motion. The tear  p r o p a a t e d   q u i t e   r a p i d l y ,  so t h a t   a f t e r  
.08 seconds, it had  extended  over  panel R3-Rh-RKT-RK6 as shown in   F igu re  1. 

The genera l   charac te r   o f   the  203-T i n f l a t i o n  i s  shown  by t h e   s i x  
views  of  Figure i 2 ( a ) .   I n   p a r t i c u l a r   t h e  symmetry up t o   t h e  t i m e  o f   t he  
f a i l u r e  i s  ev ident ,  as i s  the   p rogress ion   of   the   fa i lure .  The te rmina l  
spanwise  velocit ies of both R 3  (62   fp s )  and L3 (35   fps )  were a r r e s t e d  
wi th in   the  time i n t e r v a l  ( 0 . 0 1  seconds ) between  photographic frames. For 
this   reason  only  lower bounds  can be  given  for   the  impulsive  decelerat ions.  
These estimates a r e :   1 9 3   g ' s   f o r  R3 and 109 g ' s   f o r  L3. A s  shown i n  
Figure  9(a)  the  motion  of  point L3 was smooth,  with a s t eady   i nc rease   i n  
v e l o c i t y   t o  a peak at .07 seconds a h  followed  by a gradual  decrease t o  
the  terminal   veloci ty   of  35 fps  at  .21  seconds afm. This   ind ica tes   tha t  
t he  l e f t  l obe   r ee f ing   l i ne  was drawn smoothly  through  the  leading  edge 
r i n g s .   I n   c o n t r a s t ,   t h e   e r r a t i c   v e l o c i t y   t r a c e  shown i n   F i g u r e   9 ( b )  
impl ies   tha t   the   r igh t   lobe   reef ing   l ine   encountered   subs tan t ia l  resis- 
tance on two separate  occasions as it was drawn through  the  leading  edge 
r ings .   In   each   case ,   the   res i s tance  was suddenly  released. The sudden 
release could  explain  the  high  terminal   veloci ty   of   point  R 3 .  That i s ,  
res t ra int   could  a l low a pressure  buildup  within  the  lobe which  would l e a d  
t o  a r e l a t ive ly   l a rge   acce le ra t ion  i f  t h e   r e s t r a i n t  were suddenly removed. 

The chordwise  displacement  history  for  the l e f t  lobe of  203-T i s  
shown in   F igu re  9 ( c ) .  The a s m e t r i c   c h a r a c t e r  of t h e   s k i r t  deployment 
i s  evident  upon comparison of   these  resul ts   wi th  Figure g ( a ) .  Indeed, 



at  the  t ime  of  m a x i m u m  spanwise  displacement , t h e  chordwise  displacement 
was only  half  completed.  Moreover,  the  completion  of  the  chordwise 
displacement was not accompanied  by  high  terminal  velocities  and  impul- 
s ive   dece le ra t ion  at t h e   s k i r t  even  though  the m a x i m u m  fore-af t  f u l l  span 
ve loc i ty  was approximately 70 fps  a t  0 . 1  seconds afm. 

I n   f l i g h t  205-T, first motion was i d e n t i f i e d  by a spanwise  displace- 
ment o f   t he   r i gh t   l obe   suspens ion   l i nes  at approximately 0.14 seconds 
af ter   the   connector   loop w a s  cu t .  It took 0.18 seconds t o  complete the  
spanwise  displacements  of  each  lobe compared to   0 .21   s econds   i n   f l i gh t  
203-T. However, t h e  mode of i n f l a t i o n  was q u i t e   d i f f e r e n t  as i s  c l ea r ly  
i l l u s t r a t e d  by  comparing the  sequences shown i n   F i g u r e s   1 2 ( a )  and 1 2 ( b ) .  
In   par t icular ,   the   s ide  lobes  deployed  with  approximate symmetry i n   f l i g h t  
203-T, w h i l e   i n   f l i g h t  205-T, the  spanwise  displacwn-nt  of  point R3 was 
practically  completed  before  point L3 began i t s  motion ( a t  0.16  seconds 
afm) . 

The ve loc i ty   t races   o f   po in ts  R3 and L3 (Figures  bO(a) and 1 0 ( b ) )  
ind ica te   tha t   the   spanwise  deployment of  both  lobes was smooth i n   f l i g h t  
205-T. I n   f a c t  , t h e  terminal ve loc i ty  and  hence  the  deceleration  of  both 
poin ts  was neg l ig ib l e  even  though t h e  maximum spanwise  velocit ies were 
re la t ive ly   h igh  - 90 f p s   f o r  R3 and lo5 f p s  for L3. The chordwise  expan- 
s ion  (Figure  lO(c))  w a s  somewhat  more e r r a t i c .  The forward  edges  of  the 
r igh t  and l e f t   s k i r t s  were ful ly   extended at  0.12  seconds afm and 0.28 
seconds a% respec t ive ly .  The unfur l ing   o f   bo th   rear   sk i r t s  was completed 
at about  0.95  seconds afm, wi th   the   r igh t   s ide   l agging   the   l e f t  by approxi- 
mately .Og seconds. Thus , even  though t h e   l e f t   s i d e   s t a r t e d  i t s  deploy- 
ment .16 seconds a f t e r   t h e   r i g h t   s i d e ,  it achieved f u l l   i n f l a t i o n  .09 
seconds  sooner. 

A r i p  16 t o  20 inches   in   l ength  w a s  v i s i b l e   i n   t h e   r i g h t   l o b e   o f  
205-T (Figure 1) at 2.27  seconds afm (36.37  seconds  elapsed  time). The 
time at which the  r ip  occurred  could  not  be  determined  visually.  However, 
there  appeared t o  be some relat ively  high  impulsive  veloci ty  changes 
assoc ia ted   wi th   reversa ls   in   the   r igh t   lobe   curva ture   near   the   sk i r t  
during  fore-af t   inf la t ion.   Indeed,a   veloci ty  change  of at l e a s t  37 f t / s e c  
between  frames (.01 second) was observed at t h e   f a i l u r e   p o i n t  at 0.18 
seconds afm. The unfavorable  camera  view  angle  precluded a more accurate 
determinat ion  of   the  veloci ty .  Even s o ,  t h i s   l e a d s   t o  a lower  bound  of 
115 g ' s   for   the   a f t   impuls ive   dece lera t ion  at  the   po in t   o f   f a i lu re .  
Although  such r eve r sa l s   a l so   occu r red   i n  203-T, they  were  not  as  severe 
due to   t he   h ighe r   deg ree   o f   i n f l a t ion   o f   t he   l obes  at  d i s r ee f  (compare 
F igures   12(a)  and 1 2 ( b ) ) .  The f u l l   i n f l a t i o n   o f   t h e  205-T l e f t   l o b e   p r i o r  
t o  deployment eliminated  the  problem. 

Thi rd   s tage   in f la t ion .  - The second  s tage  reef ing  l ine  (Figure  2)  
ga thers   the   kee ls  and the  center   lobe  leading  edge  to  form 75% of the  
c e n t e r   l o b e   i n l e t   i n   t h e   s t a g e  one  and s tage  two conf igura t ions   (F igure   3 ) .  
A f t e r   t h i s   l i n e  i s  cut   (second  s tage  disreef)  , the   l ead ing  and t r a i l i n g  
edge  of the   cen ter   lobe  move apart  with  approximate symmetry t o  form t h e  
s tage  three  configurat ion shown in  Figure  3 .  The motion i s  described by 
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the  displacement at a point  on the   l ead ing  edge r e l a t i v e   t o   t h e   c e n t e r   o f  
t h e   r e e f e d   t r a i l i n g  edge (Figure  g(d)  and 10( d ) )  . F i r s t  motion is assumed 
t o  be   co inc ident   wi th   reef ing   l ine   cu t .  

I n   f l i g h t  203-T (Figure 9 (  d)  ) , t h e  second  s tage  reef ing  l ines  were 
cut  at 38.12  seconds  elapsed  time. The r i g h t   s i d e   d i d   n o t   f u l l y   i n f l a t e  , 
compared t o   t h e   l e f t   s i d e  , due t o   t h e   v o i d   i n   t h e   r i p p e d   p a n e l .   I n   o r d e r  
to,  compensate f o r   t h i s  and t o  produce  conservative  ( larger)  estimates  of 
the  displacement i n  keeping  with  the usual expec ted   i n f l a t ion ,   t he  dimen- 
s ion  2rx w a s  measured f’rom the   cen te r  of t h e   r e e f e d   t r a i l i n g  edge t o   t h e  
a t t ach   po in t   o f   l i ne  LK-1 as shown in   F igu re  9(  d)  ( r a t h e r   t h a n   t o   t h e   c e n t e r  
of the  leading  edge as in   F igu re  1 0 ( d ) ) .  A central   opening  (center   lobe 
i n l e t )  of  approximately  2.0 f e e t   e x i s t e d  at the  t ime  of f irst  v i s i b l e  
motion.  This  opening  expanded t o  a maximum of 2rx = 37.4 f e e t  at  approxi- 
mately 0.60 seconds afm. The maximum velocity  of  approximately 35 f p s  was 
constant  over  the  time  span 0.12 t o  0.45  seconds afm, and  decreased  to 
zero a t  approximately 0.60 seconds afm without  impulsive  deceleration. 

I n   f l i g h t  205-T (Figure  10(d)  ) , the   second  s tage   reef ing   l ines  were 
cut at  36.82  seconds  elapsed  time.  In  this  case  dimension 2r, w a s  
measured  from the   cen te r   o f   t he   r ee fed   t r a i l i ng  edge t o   t h e   c e n t e r   o f   t h e  
center  lobe  leading  edge. The maximum corrected  displacement  (rx = 24.4 
fee t )   occur red  at approximately  0.45  seconds afm. The maximum ve loc i ty  
of  approximately 7 2  fps  was constant  over  the t i m e  span  0.12 t o  0.38 
seconds afm. Although the  motion  terminated  without an impulsive  deceler- 
a t ion  , a peak  deceleration  of 40 g ‘ s  was measured at approximately 0.41 
seconds afm. 

Fourth  s tage  inf la t ion.  - The th i rd   s t age   r ee f ing   l i ne   cons t r a ins  
t h e  parawing t r a i l i n g  edge .   Af te r   th i s   l ine  i s  c u t   ( t h i r d   s t a g e   d i s r e e f ) ,  
t h e   t r a i l i n g  edges  of  the  center  and  side  lobes  expand  symmetrically t o  
the i r   s tage   four   conf igura t ion  shown in   F igure  3. The motion i s  described 
by the  re la t ive  displacement   (2ry)   of   points  ~6 and R 6 .  

I n   f l i g h t  205-T (F igu re   lO(e ) )  , t h e   t h i r d   s t a g e   r e e f i n g   l i n e   c u t  
occurred at 40.63  seconds  elapsed  time. The m a x i m u m  displacement , ry = 36 
feet ,   occurred  approximately 1.10 seconds l a t e r .   ( F i r s t  motion i s  assumed 
t o  be  coincident  with  reefing  l ine  cut.  ) Velocity  peaks were reached at 
0.05  seconds afm (85 f p s )  and 0.55  seconds afm (43  f’ps) a f t e r  which the  
veloci ty   decreased  to   zero at approximately 1.10 seconds afm without 
impulsive  deceleration. 

N o  attempt was made t o  reduce  the 203-T d a t a   f o r   f o u r t h   s t a g e   i n f l a -  
t i o n  because  of  the  extent of t he  canopy damage. 
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Figure 9 .  - Fl igh t  203-T, r e l a t i v e  motion o f  points 
on t h e  canopy during  deployment. 
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10(d) Chordwise expansion  of  the 
center  lobe  inlet   during 
th i rd   s t age   i n f l a t ion .  

Figure 10. - Continued. 
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DETERMINATION OF  CRITICAL LOAD CONDITIONS 

The c r i t i ca l   l oad ing   cond i t ions   occu r -p r io r   t o   s econd   s t age   d i s r ee f  
f o r  tear failures o f   t he   r i gh t   l obe  were  observed  before   this   event   in  
bo th   f l i gh t s .  The c r i t i ca l .  times at second  s tage   in f la t ion ,  measured 
from f i r s t   a p p a r e n t  motion after disreef ,   have  been  postulated  based on 
visual  evidence  of  severe  opening  shocks  and  ( in  the  case  of 203-T) canopy 
tear   p ropagat ion .  It remains , however, t o   c o r r e l a t e   t h e s e   p o s t u l a t e d  
condi t ions  with  the  suspension  loads  and  to   determine  the  cr i t ical   t ime 
and condi t ions   for   the   r igh t   lobe  at  f i r s t   s t a g e   i n f l a t i o n .  The resolu- 
t i on   o f   t hese  problems i s  a t t empted   i n   t he   p re sen t   s ec t ion .   In   add i t ion ,  
a suspension  load summary i s  presented  for  each  stage  of  deployment. 

The ava i lab le   1oads .da ta   toge ther  w i t h  the   instrumentat ion  layout   were 
presented  (Tables 1 & 2 and Figures 4 through 6 )  i n   t he   gene ra l   desc r ip t ion  
of the   d rop  tests.  Since all the  instrumented  suspension  l ines  were on 
t h e   l e f t   s i d e ,   t h e  most   impor tan t   da ta   for   the   p resent   s tudy   a re   the   t es t  
vehicle  accelerometer and riser load   t r aces .  

F i r s t   S t a g e   I n f l a t i o n  

A l l  r e e f i n g   l i n e s   a r e   i n t a c t   d u r i n g   f i r s t   s t a g e   i n f l a t i o n  and t h e  
parawing  configuration  consists  of  three  separate a i r  bags,  each  with i t s  
own i n l e t   ( s e e   F i g u r e s  2 and 3 ) .  Although the   cen te r   l obe   i n l e t  can  be 
observed  throughout   inf la t ion,   the   s ide  inlets  , because of the  dark  back- 
ground,   are   invis ible  until the  leading  edge moves l a t e r a l l y   a f t e r   t h e  
connector  loop i s  severed (f irst  s t a g e   d i s r e e f )  as i n   t h e   f i r s t  frame  of 
Figure  12( a ) .  

F i r s t   s tage   in f la t ion   begins   immedia te ly  after l i n e   s t r e t c h  when t h e  
p i l o t   c h u t e   p u l l s  away the  packing  bag. As  can be  seen from  Figure 11, 
the  average rate o f   i n f l a t i o n  i s  qu i t e  slow. compared t o   t h e   l a t e r   s t a g e s .  
This i s  a l so   apparent   in   the   acce le rometer   t races ,   (F igures  5 and 6 )  f o r  
the  average  slope  of  the 5 '  curve  (pr ior   to   the  peak  value)  i s  the  same 
f o r   b o t h   f i r s t  and  second inf la t ion ,   bu t   the   average  dynamic pressures   a re  
approximately 5 times as grea t  at t h e  f i rs t  stage.   Inflation  contcnues 
f o r  a cons ide rab le   t ime   a f t e r   t he  peak   dece lera t ion .   In   f l igh t  203-T it 
took 4.0 seconds t o  develop  enough i n t e r n a l   p r e s s u r e   t o   f l a t t e n   t h e  concave 
elements on the  lower  surfaces and form the   fu l ly   i n f l a t ed   shape  shown i n  
t h e  f irst  frame  of  Figure  12( a ) .  I n  205-T, fu l l  f i r s t  s t a g e   i n f l a t i o n  was 
never  completed. In   general ,   the   degree  of   inf la t ion which  can  be accom- 
p l i s h e d   i n  a given  time  depends upon t h e  dynamic pressure and t h e   i n l e t  
area.  The average   da ta   for   the  two f l i g h t s  from l i n e   s t r e t c h   t o  peak 
decelerat ion  are   presented  in   Table  3. The i n l e t   a r e a  shown i s  t h e   t o t a l  
o f   t h e   t h r e e   i n l e t s  as computed from t h e   r e e f i n g   l i n e   l e n g t h ,  and the  
i n f l a t i o n   r a t e  is  the  average  rate  of  increase  of  projected  area.  

Although the  average  ra te   of  canopy i n f l a t i o n  i s  s low,   the  presence 
of   s ign i f icant   sawtooth   f luc tua t ions   in   the   t race   (bo th   before  and a f t e r  
t h e  peak  value , Figure 5(a)  and 6(a)),  i s  indicat ive  of   rapid  changes  in  
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TABLE 3 FIRST STAGE  INFLATION RATES 
"" 

Fl igh t  I n l e t  Area Dynamic I n f l a t i o n  
~. ~ ~. 1- No. ( sq .  f t )  Press .  (PSF)  Rate ( s q . f t / s e c )  

203-T 
20 5 -T 
~. ~. "- 

29 0 
148 

projected  area  about  the mean. Consequently, t h e   p o s s i b i l i t y  of cyc l i c  
in f la t ion-def la t ion   (wi th  accompanying shocks)  of one or more lobes must 
be  considered. To i nves t iga t e   t h i s   poss ib i l i t y ,   t he   pho tograph ic   r eco rds  
were  reviewed  with  the aim of  correlating  the  motion  and  geometry of t h e  
canopy with  the  accelerometer  readings.  It  w a s  found tha t   cyc le s  of 
p a r t i a l   i n f l a t i o n  and def la t ion   o f   ind iv idua l   lobes  were present  and were 
accompanied by osc i l l a t ions   o f   t he  canopy as a whole. However, it w a s  t h e  
behavior  of  the  center  lobe  (and.the  corresponding canopy p i tch ing  
osc i l la t ion)   tha t   appeared   to   be   p r imar i ly   respons ib le   for   the   acce le rometer  
f luctuat ions.   This  i s  i l l u s t r a t e d   i n   F i g u r e  13 where a sequence  of  photo- 
graphs i n   t h e  neighborhood  of  the  peak 'i' t race   o f  203-T i s  shown. (This 
peak l a s t s  from 29.33 t o  29.36 seconds  elapsed  time , Figure 5 ( a )  ) .  A t  
t = 29.33 and 29.58 t he  'i' t r a c e  was approaching maximum values and t h e  
center   lobe   appears   to   be   fu l ly   in f la ted .  A t  t = 29.26 , 29.53 and 29.68 , 
the  2 '  t r a c e  w a s  near minimum values and the  center   lobe shows nominal 
i n f l a t i o n .  The center   lobe  configurat ion  a lso  correlates   with  the i" 
t r aces  a t  the   o ther   t imes  shown. A t  t = 29.63, the  'i' t race  had a peak 
( a  continuation  of  the  peak at t = 29.58) but   the  decelerat ion  decreased 
sharply  immediately  thereafter.  A t  t = 29.47, ' i t  w a s  decreasing from a 
peak  value at t = 29.45. Fina l ly  , at t = 29.40 , a secondary  peak  occurred 
between the  maximum at t = 29.36 and t h e  minimum a t  t = 29.43. 

No evidence  of  significant  shock  loading  of  the  side  lobes w a s  observed 
in   the   f i lm  records .  For t h i s   r ea son ,  it w a s  assumed t h a t   t h e   c r i t i c a l  
side  lobe  loading  occurred as a s ta t ic   p ressure   co inc id ing   wi th   the  i" 
p e a k   ( n e a r e s t   o f f i c i a l   f i r s t   s t a g e   i n f l a t i o n )  at  which the  maximum r igh t  
l obe   i n f l a t ion  was apparent.   This  assumption  placed  the  cri t ical   t imes 
f o r   f i r s t   i n f l a t i o n  at  t = 29.60 seconds f o r  203-T and t = 28.72 seconds 
f o r  205-T. A summary of  the  suspension  loads a t  the  t ime of peak  deceler- 
a t ion  and cr i t i ca l   r igh t   lobe   loading   a re   p resented   in   Table  4. 

Although the  average  ra te   of   inf la t i ron  of  205-T w a s  considerably 
slower  than  for 203-T, the  accelerometer  trace  f luctuations  were much more 
pronounced. However, the  snatch  loads at t h e   r i s e r s  were  unbalanced i n  
t h i s   f l i g h t  and t h e   i n i t i a l   o s c i l l a t i o n   o f   t h e   t e s t   v e h i c l e   r e s u l t i n g  
from t h i s  unbalance i s  thought t o   be   pa r t ly   r e spons ib l e   fo r   t he   i nc reased  
f luc tua t ions .  



TABLE 4 SUSPENSION LOAD SUMMARY FIRST STAGE INFLATION* 

Elapsed Time Suspension  Line Risers Vehi c l e  
Event  (sec.)  LI ~3 ~6 a - 1 2  fwd af t  z ' loading 

""" 

203-T 
I n i t i a l   s p i k e  28.71 230 500 300 425 5420 5400 13,200 
Maximum 29.35 275 975 500 600 9000 9800 19,900 
C r i t i c a l  time 29.60 200 850 310 500 6700 8400 17,900 

205-T 
Line   s t re tch  27.57 200 225 400 450 5650 4900 13,800 
I n i t i a l  peak 2' 28.47 240 475 525 600 8900 8450 19,800 
Cr i t ica l   t ime 28.72 220 495 600 625 8350 9700 19,800 

* A l l  l o a d s   i n  pounds 

t = 29.26 t = 29.33 t = 29.40 t = 29.47 

t = 29.53 t = 29.58 t = 29.63 t = 29.68 

Figure 13. - Fl igh t  203-T first s t a g e   i n f l a t i o n  
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Second  Stage  Inflation 

I n   f l i g h t  203-T,the f i rs t  s t a g e   r e e f i n g   l i n e s  were cut  at 35.06 seconds 
elapsed time. All major  peak  loads  occurred  from  0.20 t o  0.22  seconds 
l a t e r  (Figure 5 ) .  The peak  vehicle   decelerat ion,  ' i t  = 3.5 g 's ,occurred 
a t  .22  seconds after l i n e   c u t   ( a l c )  and was accompanied  by E' and j ; '  read- 
ings  of  1.30  and  0.02  g 's ,respectively.   Peak %' and y' readings were 1.35 
and 0.18  g 's   , respect ively a t  0.20 seconds   a lc .   In  addition,discontinuities 
were observed i n   t h e  ?'  and riser load   t r aces  a t  t h i s  time, and the   l oad  
i n  suspension  l ine L 3  reached a maximum value  of  1180  lbs.  The occurrence 
of   the   peak   loading   in   l ine  L 3  places   the  complet ion  of   the  t ransverse 
motion  of  the l e f t  lobe at 0.20 seconds  alc.  Since  the  motion  analysis 
(Figure 9 ) showed t h a t   t h e   t r a n s v e r s e  deployment of  both  lobes was com- 
p l e t ed  at  approximately  the same time, 0.21  seconds a h ,  it appears   that  
first motion and l ine   cut   coincide.   Therefore  , the   loading   condi t ions  at 
0 .21   seconds   a lc   represent   c r i t i ca l   condi t ions   for   the   r igh t   lobe   s ince  
the   t ea r ing  was observed t o  begin a t  t h i s  time. It should  be  noted, how- 
e v e r ,   t h a t   t h i s  does   no t   e l imina te   the   poss ib i l i ty   tha t  a small i n i t i a l  
t e a r   c o u l d   h a v e   e x i s t e d   p r i o r   t o   l i n e   c u t .  A summary of  the  suspension 
loads  for  .20  and  .21  seconds  alc i s  presented   in   Table  5 .  

I n   f l i g h t  205-T, t h e  f i r s t  s t a g e   r e e f i n g   l i n e s  were cut  at 33.96 seconds 
elapsed t i m e .  There were two peaks i n   t h e   v e h i c l e  z t  axis  accelerometer 
t races   during  inf1at ion:E'  = 2 .6   g ' s  at  0.32  seconds a l c  and ' i t  = 2.7   g ' s  
at  0.68  seconds a l c .  Based on nominal  camera  speeds (as d iscussed   in   the  
Appendix) , first  motion  of  the  r ight  hand  lobe  occurred at  0.14  seconds 
alc.   Therefore,   !Figure lo), t he  f irst  peak  occurred at 0.18  seconds a f m ,  
coinciding  with  the  completion  of  the  transverse  deployment  of  the  right 
lobe  , and the  second  peak  occurred at  0.54  seconds afm, during  the  fore- 
a f t  i n f l a t i o n  after deployment of   the  l e f t  lobe .  The suspension  loads 
occurring at these  peaks are summarized i n  Table 5.  The maximum r iser  
loads  also  occurred at 0.18  seconds afm and  were coincident  with 2 '  = 1 .6  
g ' s  ( a  peak) and j;' = 0.2  g 's .   Since  the f irst  peak i s  coincident  with 
the  completion  of  the  transverse  deployment of t h e   r i g h t   l o b e ,  and the  
assoc ia ted   h igh   loca l   fore-af t  canopy ve loc i ty   t r ans i en t s   no ted   i n   t he  
p rev ious   s ec t ion ,   t he   c r i t i ca l  time f o r   t h e   r i g h t   l o b e  i s  taken as 34.28 
seconds. 

Individual  l ine  loads  measured on t h e  l e f t  side  developed  only moder- 
ate l e v e l s   i n   f l i g h t  205-T. In   pa r t i cu la r ,   t he  m a x i m u m  l o a d   i n   l i n e  L 3  
was only 275 l b s  , occurring at t = 34.28  seconds  elapsed  time,  whereas 
i n   t h e  203-T f l i g h t   t h i s   l i n e   l o a d  w a s  1180 l b s ,  more than 4 1/3 times as 
g r e a t .  

P r i o r   t o  205-T first s t age   r ee f ing   l i ne   cu t ,   t he   veh ic l e   acce le ra t ion  
t r aces  x' and j;' were o s c i l l a t i n g   a b o u t   t h e i r   n u l l   p o s i t i o n s   ( l . 0 g ' s  and 
0.0 g 's)   wi th   ampli tudes  of   0 .6   g 's   and 0 . 4  g ' s , respec t ive ly  and a per iod 
of 0.85  seconds. The o s c i l l a t i o n  of t h e   t r a c e  w a s  more complex. The 
fundamental  period w a s  0.43  seconds and t h e  m a x i m u m  amplitude was 0 .5   g ' s  
at  0.25  seconds p r i o r   t o   l i n e   c u t .  Evidence  of  "horizontal"  loading 
during  lobe deployment was apparent i n   t h e  change in   t he   cha rac t e r   o f   t he  



TABLE 5 SUSPENSION LOAD SUMMARY SECOND  STAGE INFLATION" 

Event 

203-T 
F i r s t  peak 

C r i t i c a l   t i m e  

205-T 
C r i t i c a l   t i m e  
Second  peak 

Elapsed  time  Suspension  Line  Risers  Vehicle 
( sec .  1 L 1  L 3  L6 LK-12 fwd aft z' loading 
""" 

35.26 60 1180 176 210 6360 5750 12,127 
3820 2560 11,600 

" 1080 2'20 300 5740 4280 12,000 35.27 

34.28 " 275 209 300 6000 4000 12,050 
34.64 187 116 375 327 5250 4520 12,500 

* A l l  l o a d s   i n  pounds 

x' and osc i l l a t ions   ( e .g .  , t he  y '  ampli tude  increases   to  .6 g ' s   whi le  
the   per iod   decreases) .  However , the   osc i l la t ions   obscure  a precise  measure 
of t h e  magnitude  of  the  unequilibrated  portion  of  the  proposed  fore-aft  
opening  shocks i n   t h e   r i g h t   l o b e  at 0.18 seconds afm. 

.. 

Third  Stage  Inf la t ion 

I n   f l i g h t  203-T , the   vehic le   dece lera t ion  'i' decreased 0.59 g ' s   i n  
t h e   f i r s t  0.05 seconds a f t e r   l i n e   c u t  (38.12 seconds  elapsed  t ime),  and 
t hen   i nc reased   s t ead i ly   t o  a peak  of 'i' = 3.88 g ' s  at 38.63 seconds  elapsed 
t ime. The 2' and y' components r eg i s t e red  1 . 4 5  g ' s  and 0.15 g 's   coincident  
with  the i" peak. The corresponding  forward and aft  r i s e r  peak loads were 
8730 l b s  and 3180 lbs ,   respec t ive ly .  

I n   f l i g h t  205-T, the   vehic le   dece lera t ion  'i' decreased 0.62 g ' s  dur- 
ing   the  f i rs t  0.04 seconds a f t e r   l i n e   c u t  (36.82 seconds  elapsed  time) and 
then   i nc reased   s t ead i ly   t o  a peak  of i" = 5.10 g ' s  at  37.18 seconds  elapsed 
t ime.  Simultaneously,   transverse  acceleration  peaks  of 2 '  = 1.98 g ' s  and 
7 '  = 1 . 3  g ' s  were  recorded and the  forward and af t  r i s e r   l o a d s  were 10,000 
and 7600 lbs ,   respec t ive ly .  A summary of the  suspension  loads at  the  peak 
conditions for b o t h   f l i g h t s  i s  presented   in   Table  6.  

TABLE 6 SUSPENSION LOAD SUMMARY THIRD STAGE  INFLATION* 

Elapsed t i m e  Suspension  Line Risers Vehicle 
Event ( s e c . )  L 1  L3 ~6 LK-12 f i d  aft  z' loading 

""" 

203-T Peak 38.63 280 820 300 300 8730 3180 13,000 
205-T Peak 37.18 700 625 800 800 10000 7600 23,600 

* A l l  l oads   i n  pounds 



Fourth  Stage  Inf la t ion 

I n   f l i g h t  203-T, t h e  m a x i m u m  vehic le   dece lera t ion ,  2' = 1.90 g ' s ,  
occurred at 42.10  seconds  elapsed  time  (0.52  seconds  alc) . The coincident 
t ransverse   acce le ra t ions  were 2' = 1.35  g's  and j;' = 0.10 g ' s ,  and t h e  
forward and af t  r i s e r   l o a d s  were 2600 and 2800 lbs , respec t ive ly .  

.. 

I n   f l i g h t  205-T, t h e  maximum vehic le   dece lera t ion ,  i" = 1.75 g.'s , 
occurred a t  41.10  seconds  elapsed  time  (0.47  seconds  alc). The coinci-  
dent  transverse  accelerations were 2' = 1.28  g 's   and 7 '  = 0.15 g ' s ,  and 
the  forward and a f t   r i s e r   l o a d s  were 3450 and 3800 lbs , respec t ive ly .  

Assuming t h a t   l i n e   c u t  and f i rs t  motion  are  simultaneous,  the  occur- 
rence.bf  the  peak  vehicle  deceleration ( 2 ' )  i n   f l i g h t  205-T, i s  i n  good 
agreement with  the  displacement  history shown in   F igu re   10 (d ) .  
The suspension  loads at  t h e  t i m e  of  the  peak 'i' a r e  summarized i n  Table 7 
f o r   b o t h   f l i g h t s .  

Line  Transfer 

The suspension  load summary f o r   l i n e   t r a n s f e r  i s  presented  in   Table  8. 
I n   f l i g h t  203-T , l i ne   t r ans fe r   occu r red  at  45.23  seconds  elapsed  time; 
f u l l   i n f l a t i o n  at  46.75 seconds. The vehicle  deceleration  peak w a s  '. z '  = 4.75 g ' s ,  accompanied by a forward riser  load  approximately  double 
t h a t   o f   t h e   a f t   r i s e r .  The forward r i s e r   l o a d  was 52% of t h e   t o t a l   r i s e r  
peak  load. The newly ac t iva t ed   r i s e r   l oad   t r ansduce r s   ( r i gh t  and l e f t )  
recorded 30% o f   t h e   t o t a l   f i r s t  peak  load  of 16,170 l b s  . Line ~6 bore 
the  maximum peak  load,  139%  of  the  l ine L3 load and 40% o f   t h e   t o t a l  peak 
load  of  2640 l b s .  

I n   f l i g h t  205-T.line t ransfer   occurred at 44.16 seconds  elapsed  time; 
f u l l  parawing i n f l a t i o n  a t  45.61 seconds. The peak  vehicle  deceleration 
w a s  ' i f  = 2.54  g 's .  The forward r i s e r  peak  load was 132%  of t h e  af t  r i s e r  
load and 44% of t h e   t o t a l   r i s e r  peak  load. The newly a c t i v a t e d   r i s e r   l o a d  
transducers  recorded 23% o f   t h e   t o t a l  peak  load  of  11,425  lbs.  Line ~6 , 
among t h e   i n d i v i d u a l   l i n e s  , bore  the maximum peak  load, 200% of tha t   o f  
l i n e  L3 and 55% o f   t h e   t o t a l  peak  load. 

TABLE: 7 SUSPENSION LOAD SUMMARY FOURTH STAGE  INFLATION* 
- . .~ . ~ 

Elapsed  time  Suspension  Lines  Risers  Vehicle 
Event ( s e c . )  L1 L3 ~6 LK-12 fwd a f t   z r load ing  

""" 

203-T peak ? 42.10 go 375 50 80 2600 2800 6,600 

205-T peak i' 41.10 l o o  200 0 l o o  3450 3800 8,100 
- 

* All l o a d s   i n  pounds. 



TABLE 8 SUSPENSION LOAD SUMMARY LINE TRANSFER" 

Event 

203-T 
I n i t i a l  

Peak load  

2 0 5 - ~  
I n i t i  a1 

Peak load 

<lapsed  time 
( s e c . )  

45.22 

46.45 

44.15 
44.35 

Suspension  Line 

L 1  L 3  ~6 LK-12 

50 90 75 75 
370  860 1200 210 

25 100 25 o 
o 500 1000 325 

Risers 

fwd af t  r i g h t  l e f t  

2450 2300 - - 
8480 4370 1650 

1875 1600 - - 
5000 3800 1525 

" 

1670 

" 

1100 

Vehicle 
6 1  loadine 

3,820 

18,150 

3,840 

11 , 780 

* A l l  loads  in  pounds.  

Summary 

Al though  cyc les   o f   par t ia l   in f la t ion  and def la t ion   o f   ind iv idua l  
lobes  were  present  during f i r s t  s t a g e   i n f l a t i o n ,  no evidence  of   s ignif icant  
shock  loading  of  the  side  lobes was observed. It i s  assumed,therefore, 
t h a t   t h e  peak  loading  conditions  during  second  stage  inflation are 
r e s p o n s i b l e   f o r   t h e   f a i l u r e s .  

The peak  suspension  loads  during  second  s tage  inf la t ion  of   f l ight  
203-T occurred a t  t h e  same time (35.37 seconds  elapsed time) the  spanwise 
motions  of  points R 3  and L 3  were a r res ted   (F igures  g ( a )  and g (b ) ) .   S ince  
t h e   t e a r   i n   t h e   r i g h t   l o b e  f i r s t  appeared a t  t h i s  time, i t  i s  reasonable 
t o  assume tha t   the   assoc ia ted   loading   condi t ions  are c r i t i c a l   f o r   t h e  
r ight   lobe.   Evidence  to   support   the   exis tence  of   s ignif icant   aerodynamic 
shock   loading   in   the  l e f t  lobe i s  furnished by the  magnitude of the   load  
in   suspens ion   l i ne  L3 (Table 5 )  at  the  instant  the  spanwise  motion  of 
point  L 3  was terminated  (approximately 35.26  seconds  elapsed  time). The 
conditions  should  be  even more severe on the   r igh t   lobe   s ince   the   t e rmina l  
spanwise  velocit ies were 62 fps   fo r   po in t  R 3  and only 35 fps   fo r   po in t  L3.  

The peak  suspension  loads  during  second  s tage  inf la t ion  of   f l ight  
205-T were coincident  (34.10  seconds  elapsed  time)  with  the  termination 
of the  spanwise  motion  of  point R 3  and the   abrupt   reversals   of   curvature  
i n   t h e   r i g h t   l o b e   n e a r   t h e   p o i n t   o f   f a i l u r e .  Although  no c l ea r   cu t  
evidence was found in   t he   t e l eme t ry   da t a   t o   subs t an t i a t e   t he   ex i s t ence  
of   severe   aerodynamic  shocks  associated  with  the  reversals   in   curvature ,  
it i s  assumed on t he   s t r eng th  of  the  visual   evidence and the  moderate 
charac te r   o f   the   t e rmina t ion  of the  spanwise  motion,  that   the  fore-aft  
opening  shocks e x i s t  and c o n s t i t u t e   t h e   c r i t i c a l   c o n d i t i o n   f o r   t h e   r i g h t  
lobe.  



Because  of the   ex ten t   o f   the  canopy f a i l u r e ,   f l i g h t  203-T no longer 
represented   the   typ ica l   parawing   dur ing   th i rd   in f la t ion .  On the   o ther  
hand,  the 205-T parawing  with a r e l a t i v e l y  s m a l l  20-inch s l i t  , w a s  probably 
representative  of  the  normal  intermediate  scale  parawing  with  comparable 
payload. The d i f f e rence   i n   t he   canop ies  w a s  evidenced by the  reduced  chord- 
wise  dimension  (Figure g ( d )  ) of   the  203-T parawing and i t s  lower  chord- 
wise  disreef   veloci ty ,  F I X  = 35 fps   vs .  ?', = 72 f p s   f o r   t h e  205-T parawing. 
The higher   vehicle   decelerat ion ' i f  r eco rded   fo r   f l i gh t  205-T r e f l e c t e d  
the   l a rger   p ro jec ted   a rea   (F igure  11) and a higher  dynamic pressure .   In  
bo th   f l i gh t s ,   t he   occu r rence   o f   t he  peak  suspension  lo,ads  coincides  with 
the  abrupt change in   s lope   o f   the   d i sp lacement   h i s tor ies   (near  maximum 
displacement) shown in   F igures  g ( d )  and 10(d). 

Four th   s t age   i n f l a t ion   and   l i ne   t r ans fe r   o f   f l i gh t  205-T were accom- 
plished  without  impulsive or immoderate loads.   Similar ly ,   the   suspension 
loads   du r ing   fou r th   s t age   i n f l a t ion   o f   f l i gh t  203-T were  moderate  and 
ind ica ted  a deployment as smooth as t h a t  of f l i g h t  205-T. A t  l i n e   t r a n s -  
fer ,however ,   the   peak  axial   decelerat ion  of   the  tes t   vehicle  w a s  qu i t e  
l a rge  ( 5 '  = 4.75 g ' s ) .  This  loading  cannot  be  considered  typical,however, 
because  of  the  extensive canopy damage ( a  complete  panel was use l e s s   fo r  
aerodynamic  purposes at  t h i s   t i m e ) .  

CANOPY GEOMETRY AND AERODYNAMIC PRESSURE DISTRIBUTIONS 

This   sect ion  presents   the aerodynamic p res su re   d i s t r ibu t ions   fo r   t he  
geometries  of 203-T and 205-T a t  t h e   s e l e c t e d   c r i t i c a l   t i m e s   f o r   t h e   r i g h t  
and l e f t   l obes   du r ing   t he  f irst  and  second  stage  inflations.  The r e s u l t a n t  
aerodynamic loading (computed by integrat ing  the  pressure  dis t r ibut ions  over  
t h e  canopy sur face)  i s  compared with  the  loading  implied by t h e   t e s t   v e h i c l e  
accelerometer  readings.  A s  a p r e r e q u i s i t e   t o   t h e  aerodynamic ana lys i s ,  canopy 
geometry was developed a't t h e   c r i t i c a l   t i m e s   f o r   e a c h   f l i g h t .   I n   a d d i t i o n ,  
de t a i l ed  mold l o f t   l i n e  drawings s u i t a b l e  for u s e   i n  a canopy s t r u c t u r a l  
ana lys i s  were prepared  for   the  cr i t ical   t ime  of  203-T second  s tage   in f la t ion .  

Canopy Shapes 

The canopy shapes  were  developed  primarily from t he  ground  camera 
records.  A s  mentioned e a r l i e r ,   a i r   t o  a i r  records  were  available,   but 
t h e   a i r c r a f t  w a s  maneuvering  below the  canopy a t  the   t imes   o f   in te res t  
and t h e  views  were e s s e n t i a l l y   t h e  same as those  obtained from the  ground 
cameras .   In   par t icular ,   the   upper   surfaces   of   the  canopy  were  hidden  from 
a l l  cameras by t h e  lower  surfaces a t  t h e   c r i t i c a l   t i m e s   o f  f i r s t  and  second 
s tage  inf la t ion.   Therefore ,   the   photographic   data  were i n s u f f i c i e n t   t o  
develop  the  cross   sect ional   depth or t he   l oca t ions  on the  upper  surfaces  of 
the  re inforcement   tapes .  For these  reasons,  a 1 /20   sca le  model w a s  b u i l t   t o  
augment the  photographic   data .  The model was reefed.by  r igging  accord- 
ing   to   F igure   2 ,   " inf la ted"   wi th  foam rubber,  and  the  lower  surfaces and 
s ides  made t o  conform with  the  shape  evident from the  photographs. The 
sect ion  depth  and  tape  locat ions were then  taken  from  the  inflated  model. 
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The model i s  shown i n  Figure 1 4  i n   t h e   f u l l y   i n P l a t e d  f i rs t  s t a g e  con- 
f igu ra t ion   and   t he   c r i t i ca l   con f igu ra t ion  at the  termination  of  spanwise 
lobe  deployment  during  second stage i n f l a t i o n .  

The mold l o f t   l i n e  drawings f o r   t h e   c r i t i c a l  time of  203-T second 
s t a g e   i n f l a t i o n  (t  = 35.27  seconds) are shown i n  Figure 15. A r i g h t  
handed  canopy  coordinate  system is  assumed with i t s  o r i g i n  at  the   cen t ro id  
of t h e   c e n t e r   l o b e   i n l e t .  The v e r t i c a l  Z axis   coincides   with  the  average 
direct ion  of   the  center   lobe  suspension  l ines   and i s  p o s i t i v e  downwards, 
t h a t  i s ,  i n   t h e   d i r e c t i o n  from t h e  canopy t o   t h e  tes t  vehic le .  The XY 
plane i s  normal t o   t h e  Z a x i s .  The X ax is  measures the  forward-aft 
direction  (posit ive  forward)  and  the Y axis   measures   the  lef t - r ight   direc-  
t i o n   ( p o s i t i v e   r i g h t ) .   R i g h t  and l e f t   a r e   de f ined   fo r   an   obse rve r  on t h e  
top  surface  of  the  center  lobe  looking  forward. 

Figure l5 (a)  shows a view  of   the  lower  surfaces   of   the   ent i re  canopy 
toge ther   wi th   the   conf igura t ion   of   the   r igh t   lobe   t apes .  The x an$ y 
coordinate   gr id  shown superimposed on the   r i gh t   l obe  l i e s  i n   t h e  X Y plane 
( z  = Z) and defines  the  chordwise  and  spanwise  stations a t  which r igh t   lobe  
l i n e s  were  obtained. The l a t t e r  are shown as x and y sec t ions   in   F igures  
15 (d )  and 15 (e ) , r e spec t ive ly .  The points   where  the  sect ions  cross   the 
reinforcement  tapes are ind ica t ed  by a s m a l l  c i r c l e  on the   s ec t ion   t oge the r  
with  an  ident i fying  tape number. The tape  numbers fol low  the same conven- 
t i o n  as the  suspension  l ines  and t h e i r   a t t a c h   p o i n t s   ( e g ,   r e f e r r i n g   t o  
Figure 1, t ape  R 3  connects   suspension  l ine  a t tach  points  R 3  and ~ 6 ,  while 
tape  R 3  1/2 i s  the   t ape  midway between R 3  and R 4 ) .  Developed  views  of  the 
right  lobe  and  tapes  are shown in  Figures   15(b)   and 1 5 (  e ) .  It should  be 
no ted   t ha t   t he  upward view of  Figure l 5 ( a )  i s  o f   d i f f e r e n t   s c a l e   t h a n   t h e  
other  views  of  Figure  15. 

In  processing  the  photographic  data,   sequences  of  thirty-five mm 
negatives  were made from t h e  1 6  mm film t o   b r a c k e t   t h e   c r i t i c a l   t i m e .  
The enlarged (3" x 3") p o s i t i v e   p r i n t s  o f  these   nega t ives ,   toge ther   wi th  
t h e  5" x 5" sequence s t i l l s  (from  the 70 mm camera),  were  used t o   e s t a b l i s h  

( a )  F i r s t   s t a g e   i n f l a t i o n   ( b )  Second stage i n f l a t i o n  

Figure 14. - Canopy Model. 
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t h e  geometry  of  the  lower  surfaces  and  sides.  Although  the film coverage 
gave  views o f   t h e   i n f l a t i o n  from t h e  rear, l e f t   s i d e  , and (nea r ly )   d i r ec t ly  
below, a precise  perspective  could  not  be  determined - fo r   t he   l oca t ions  
of  the  ground  cameras  and  useful canopy d i rec t ion   cos ines  were  not  avail- 
ab l e .   In   add i t ion ,   t he   on ly   i den t i f i ab le   po in t s  on t h e   s i d e   l o b e s  were 
the  reinforcement  patches at the   in te rsec t ion   of   the   re inforcement   t apes  
and the  leading  edge.  Consequently , the   photographic   da ta   ana lys i s  w a s  
f i rs t  concentrated on determining  the X y Z COOrdinateS of   the  re inforce-  
ment patches and the   ove ra l l   p ro j ec t ed  dimensions  of  the  lobes i n  each 
coordinate  plane.  The technique  used t o   e s t i m a t e   t h e  camera l i n e   o f   s i g h t  
angle  and  the  true  lengths  of  dimensions  measured on the  photographs was 
similar to   the   p rocedure   descr ibed   in  Appendix A. I n   a d d i t i o n   t o  form- 
ing  a b a s i s   f o r   t h e  mold l o f t   l i n e s ,   t h e   r e s u l t s  were  used t o   e s t a b l i s h  
geometric  constraints  for  the  model.  

The side  lobe  openings  of  the model  were constrained  by  wir ing  in  a 
f ibe rboa rd   i n se r t   cu t   t o   t he  dimension  determined  by  the  photographic 
ana lys i s .  The correct  projected  dimensions  in  the  coordinate  planes were 
obtained by the  arrangement  of  the foam rubbe r   i n f l a t ing   ma te r i a l .  The 
cen te r   l obe   i n l e t  was constrained by the   reef ing   l ine   l ength .   In   reg ions  
of camera v i s i b i l i t y ,   t h e  model w a s  used   pr imar i ly   to   ident i fy   po in ts .  
That i s  , with  the  aid  of  the  model,  a po in t   s e l ec t ed   i n  a view  from t h e  
a f t   d i r e c t i o n  could b e   i d e n t i f i e d   i n  a view  from  below. In   o ther   reg ions  , 
measurements  were  taken d i r e c t l y  from t h e  model. I n  p a r t i c u l a r ,  most  of 
the  forward  surface  geometry  and  traces on the  top  surface  of  the  rein- 
forcement  tapes  were  taken  from  the  model.  After  correcting  for  camera 
l i n e   o f   s i g h t ,  it i s  e s t i m a t e d   t h a t   t h e   e r r o r   i n   r e l a t i v e   p o s i t i o n s   o f  
points  determined by photographic  analysis does  not  exceed 5 5%. The 
accuracy  of  the  overall  dimensioning  depends upon the   s ca l e   f ac to r  
determination , which may b e   i n   e r r o r  up t o  t 16% (see  Appendix A ) .  
Measurements taken from t h e  model a re  as much as 10% t oo   sho r t  due t o  i t s  
unstressed  condi t ion.  The uncertain  surface geometry in  regions  hidden 
from the  cameras ( i . e . ,  geometry  determined  solely by the  model)  leads  to 
an error   es t imate   of  5 10% i n   t h e  x  y z coordinates  of  points on these 
surfaces .  The e f fec ted   reg ion  on the   r igh t   lobe  i s  tha t   po r t ion   o f   t he  
forward  upper  surface which i s  hidden from  view in   F igure  l 5 ( a ) .  

I n   a d d i t i o n   t o   t h e   d e t a i l e d   s t r u c t u r a l  drawing  described  above, 
canopy shapes   su i tab le   for   the  aerodynamic analysis  were  developed  for 
bo th   f l i gh t s  at t h e   c r i t i c a l   t i m e s   o f   f i r s t  and  second  stage  inflation. 
The plan views  and  chordwise  sections  are shown in   F igu res  16 and 17 f o r  
f l i g h t  203-T and  Figures 18  and 19 f o r   f l i g h t  205-T. In  each  case , t he  
chordwise  sections  are shown wi th   the  aerodynamic pressure   d i s t r ibu t ions  
superimposed. The locat ion  of   each  sect ion  in   the  lobe  coordinate   system 
i s  defined by the  coordinates  (xa,  Y a y  Z a )  of the   sec t ion   re ference   po in t  ( a ) .  
These  drawings  were  based  primarily on t h e  model  and are  consequently  less 
accurate  than  Figure 15. The e r r o r   i n   o v e r a l l  dimension  due t o   s c a l e  
factor   determinat ion i s  t h e  same as be fo re   (up   t o  2 16%) and the   addi t iona l  
e r ror   o f  210% i n   t h e  X Y z coordinates due t o   s c a l i n g  from t h e  model  must 
be   app l i ed   t o   t he   en t i r e   su r f ace .  
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t = 35.27 sec  Y- 

w cn 

X 

SCALE 1/80 

I 
( c )   S ide  view of r igh t   lobe  

... 
SCALE 1/80 

(b)  Front view of   r ight   lobe 

( a )  View looking upward from r i s e r s  

Figure 15 .  - Mold l o f t   l i n e s   f o r   c r i t i c a l   t i m e  of 
203-T second  stage  inflation. 





l 5 ( e )  Right lobe sect ions normal t o  t h e  yR axis. 

Figure 15 .  - Concluded 



Aerodynamic Pressure   Dis t r ibu t ions  

In te rna l   and   ex terna l  aerodynamic p res su re   d i s t r ibu t ions  were  calcu- 
l a t e d   f o r   f l i g h t s  203-T and 205-T at, t h e   c r i t i c a l   t i m e s   ( f o r   t h e   r i g h t  
lobe)  at f i rs t  and  second  stage  inflation. The c r i t i c a l   t i m e s  were selec-  
t e d   i n   t h e   p r e c e e d i n g   d a t a   a n a l y s i s  as 29.60 and 35 .27  seconds  elapsed 
t ime   fo r  203-T and as 28.72 and 34.28 seconds  elapsed  time  for 205-T. 

Method of  Analysis - The p res su re   d i s t r ibu t ions  were obtained  by con- 
ventional  approximation  techniques  combining  closed  form  solutions , 
empir ica l   resu l t s  , and t e s t   d a t a   f o r  similar condi t ions,  and include 
contr ibut ions from potent ia l   f low , flow  stagnation  and  separation , and 
shock  waves. For a part icular   region,   the   choice  of   f low  condi t ions w a s  
based on the   conf igura t ion  and motion  of  the  surfaces and the  loading 
conditions  implied by the   da ta   ana lys i s .   In   genera l ,   po ten t ia l   f low 
d i s t r ibu t ions  were a p p l i e d   t o  a l l  surfaces  which  were directly  exposed 
to   the  f ree   s t ream  f low.   Stagnat ion  pressures  were  assumed t o  apply i n  
trapped a i r  regions and separated  flow was assumed on the  upper  surfaces.  
In   order   to   account   for   the  apparent   opening  shocks,   pressure  pulse   dis t r i -  
butions were appl ied   in   reg ions  of high canopy ve loc i ty   t r ans i en t s  at  the  
c r i t i ca l   t ime  of   second  s tage   in f la t ion .  The e f fec ted   reg ions  were the  
r ight   lobe  of  205-T and  both  s ide  lobes  of   f l ight  203-T. 

The t e s t   d a t a  and procedure  reported by Polhamus , Gel l e r ,  and Grunwald 
(reference 5 )  for   potent ia l   f low  about   non-circular   cyl inders  formed the  
bas i s   fo r   t he   e s t ima ted   s t a t i c   p re s su re   d i s t r ibu t ions .  The assumption i s  
that  f low  about  these  non-circular  cylinders would  approximate that  about 
applicable  sections  of  the  parawing.  Indeed,  the wide  range  of  corner 
r a d i i  , Reynolds numbers and flow  incidences  tested  permitted  pressure 
est imates   in   separated  f low  regions as wel l  as over   sur faces   d i rec t ly  
exposed to   the   f ree   s t ream  f low.  

The de termina t ion   of   p ressure   pu lse   d i s t r ibu t ions   to   represent   the  
side  lobe  opening  shocks was hindered by the   s ca rc i ty  of  measured da ta  - 
i n  f a c t ,   t h e r e  were  no  opening  shock pressure measurements ava i lab le  r)r the 
twin  keel  parawing.  Recently  however,  Melzig and  Schmidt ( reference E )  
were ab le   t o   ob ta in   i n t e rna l ,   ex t e rna l  and d i f f e r e n t i a l   p r e s s u r e  d i s t r i -  
butions  for  parachute  openings by means of small pressure  t ransducers  
a t t ached   t o   t he  canopy surface.  These t e s t s  were  conducted  under i n f i n i t e  
mass conditions at wind tunnel  speeds  of 70, 100,  130 , and 160 fps , and 
included  four   basic  canopy t y p e s :   s o l i d   c l o t h   c i r c u l a r   f l a t ;   s o l i d   c l o t h  
extended s k i r t ;   r i n g   s l o t  ; and f l a t   c i r c u l a r   r i b b o n .  A s  previously  noted, 
the  parawing  lobe  deployment i s  character ized by unsymetric  spanwise and 
chordwise  motion,  while  parachute  deployment i s  ax ia l ly  symmetric. P r i o r  
t o   t h e   t e r m i n a t i o n   ( c r i t i c a l   t i m e )   o f  spanwise  motion,  however,  the 
deployment of  the  outboard  portion of. the  parawing  lobe i s  kinematically 
similar t o   t h e   l a t e r   s t a g e s  of in f la t ion   o f   the  canopy  models  of t he  
extended  skir t   type.  It w a s  assumed, therefore ,   tha t   the   ou tputs   o f   the  
pressure  t ransducers   located at  t h e   t e s t   p a r a c h u t e   s k i r t  edge , apex,  and 
two in te rmedia te   po in ts   a re   appl icable   to   the   ou tboard   por t ion  of t he  
parawing  lobes at t h e   c r i t i c a l   t i m e .  
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I n   f l i g h t  203-T, t h e   r i g h t   l o b e   s k i r t  edge   ve loc i t ies  a t  t h e   c r i t i c a l  
time were 60 fps  spanwise  and 40 fps  chordwise,  and  the  descent rate was 
85 fps .   This  compares w i t h   t e r m i n a l   r a d i a l   v e l o c i t i e s  at t h e  t e s t  para- 
c h u t e   s k i r t   o f  49 fps   and 57 f p s   f o r  wind tunnel  speeds  of 70 and 100 f p s ,  
respec t ive ly .  The cor responding   sk i r t   edge   d i f fe ren t ia l   p ressure   coef f ic i -  
en t s  were 5.8 and 5.5 while  a t  the   apex   the   coef f ic ien ts  were 2.8 and 3.5. 
Because  of  the marked s i m i l a r i t y   i n   s k i r t  edge ve loc i ty ,  it was decided 
t o  apply  the t es t  parachute results d i r e c t l y   t o   t h e   o u t b o a r d   p o r t i o n  of 
the  r ight   lobe.   Fol lowing a conserva t ive   approach ,   the   bas ic   r igh t   lobe  
s k i r t  edge p res su re   coe f f i c i en t  was taken  from  the 70 f p s  wind tunnel  
data  while  the  apex  and  intermediate  outboard  pressure were based on t h e  
100 f p s  t e s t  r e s u l t s .  To account  for  the  asymmetric  opening  geometry  of 
t he   pa rawing   s ide   l obe ,   t he   cen te r   o f   t o t a l   p re s su re   pu l se   l oad ing   ( apex)  
was assumed to   be  displaced  in   the  outboard  direct ion  a long  the  spanwise 
axis o f   t h e   l o b e   t o  a poin t  a t  72.5%  semispan  (rather  than 50% semispan 
f o r  a symmetric  opening). The pressure  pulse   dis t r ibut ions  on  inboard 
sec t ions  were obtained from the   ou tboard   d i s t r ibu t ions  by assuming a ca r ry  
over  factor  based on t h e   s e c t i o n  geometry  and l o c a t i o n   r e l a t i v e   t o   t h e  
apex. 

The s p e c i f i c  assumptimons f o r   t h e  l e f t  lobe   o f  203-T center   about   the 
d i f fe rences   in   t e rmina l   spanwise   ve loc i t ies  at  R 3  and L3.  A s  noted  above, 
the   t e rmina l   ve loc i ty   o f  R 3  was 60 fps  and,  from  Figure  9(a),   the  terminal 
veloci ty   of  L 3  w a s  approximately 30 fps .  Based on the   assumpt ion   tha t   the  
pressure  pulse   dis t r ibut ion  can  be  scaled  according  to   the  incremental  
pu l se   r e l a t ion  p = p c A V ( re ference  7 )  the  spanwise  pressure  pulse 
i n t e n s i t y  a t  poin t  L 3  was reduced by a f a c t o r  of two  compared wi th   the  
i n t e n s i t y  at  R 3 .  The inboard   p ressure   d i s t r ibu t ion  of t h e   r i g h t   l o b e  
was assumed t o   h o l d   f o r   t h e  l e f t  lobe  as w e l l .  The complete l e f t  lobe 
d i s t r i b u t i o n  was obtained by smoothing t h e   s k i r t   d i s t r i b u t i o n   a s s o c i a t e d  
with  the  motion  of L 3  i n to   t he   bas i c   i nboa rd   d i s t r ibu t ion .  

I n   f l i g h t  205-T, pressure   pu lse   d i s t r ibu t ions  were cons idered   for   the  
r i g h t   l o b e   o n l y ,  which  had  an e s s e n t i a l l y   f r e e   o u t b o a r d   i n l e t  edge  deploy- 
ment similar t o   f l i g h t  203-T.  The l e f t  l o b e   i n l e t  w a s  constrained,  result-  
i n g   i n  a gradual  inflated  deployment.  The opening  shock i n   t h e   r i g h t   l o b e  
of 205-T i s  associated  with  an  abrupt   reversal   of   curvature   of   the  a f t  
s k i r t   i n   t h e   v i c i n i t y   o f   t h e  tear  a t  66.6 percent  semispan. A terminal  
s k i r t   v e l o c i t y   o f  a t  l e a s t  37 f p s  was associated  with  the  reversal .   Fol low- 
ing  the  procedure  used  with  the 203-T l e f t  l o b e ,   t h e   p r e s s u r e   p u l s e   d i s t r i -  
bu t ion  was derived by sca l ing   the   ou tboard  af t  s k i r t  edge c o e f f i c i e n t s   t o  
t h e  203-T coe f f i c i en t s  a t  R3, based on t h e   t e r m i n a l   v e l o c i t y   r a t i o s ,  and 
then   smooth ing   the   resu l t ing   sk i r t   d i s t r ibu t ion   in to   the   bas ic   inboard  
d i s t r ibu t ion   de r ived  from t h e  100 fps  t e s t  r e su l t s   o f   r e f e rence  6 ( t h e  
descent rate f o r  205-T was 99 fps  a t  t h e   c r i t i c a l  t ime) .  

Results - The results of  t h e  aerodynamic  analysis are p resen ted   i n  
Figures 1 6  and 1 7  f o r   f l i g h t  203-T and in   Figures  18 and 19 f o r   f l i g h t  
205-T.  The data   presented  in   Figures  1 6  and 18 p e r t a i n   t o   t h e   c r i t i c a l  
times of  first s t age   r ee fed   i n f l a t ion  and   r ep resen t   s t a t i c  aerodynamic 
conditions,   Figures 1 7  and 1 9  present   the  results f o r   t h e   c r i t i c a l  times 



between f i rs t  s tage  disreef   and  second  s tage  inf la t ion.  The da ta  shown f o r  
t h e   r i g h t .  hand lobe   i n   F igu re  19 and for   bo th   s ide   lobes   in   F igure  17 
represent  the  parawing  lobe-opening  shock  loading. The aerodynamic pressure 
coe f f i c i en t s  are presented  for  chordwise  cross  sections a t  var ious   pos i t ions  
of  the  dimensionless  semispan  coordinate q, where = 0 b i sec t s   t he   cen te r  
lobe  and q = 1 .O i s  a t  t h e   s i d e   l o b e   t i p .  Each f i g u r e  a l s o  includes a 
sketch  of  the canopy conf igura t ion   to  which the   d i s t r ibu t ions   apply .   In  
addi t ion,   p lots   of   spanwise and  chordwise  running  load  distributions  and 
t o t a l   i n t e g r a t e d   l o a d i n g s   i n   t h e   x ,   y ,  and z lobe  direct ions  axe  furnished.  

The i n t e r n a l  and  external aerodynamic pressure   d i s t r ibu t ions  a t  a 
par t icu lar   spanwise   s ta t ion ,  q, are represented by p lo t s   o f   t he   p re s su re  
coeff ic ient ,   cp,   versus   posi t ion on t h e  chordwise  canopy  cross  section 
a t  the   s t a t ion .   In   F igu res  16 through 19, t he   va lue   o f  cp a t  a p a r t i c u l a r  
point  i s  represented by t h e  normal d is tance  from t h e  boundary  of  the  cross 
s e c t i o n   ( s o l i d   l i n e )   t o   t h e  boundary  of t h e   d i s t r i b u t i o n   ( d a s h e d   l i n e ) .  
A pos i t i ve  cp i s  denoted by the  arrow  directed  towards  the  surface,  and a 
negative  cp i s  denoted by t h e  arrow  directed away from the   su r f ace .  The 
appropr ia te   sca le   fac tors   a re  shown  on t h e   f i g u r e s .  The p res su re ,   p ,  a t  
a point  i s  obtained from t he   s ca l ed   va lue  of  cp by t h e   u s u a l   r e l a t i o n  

p = q c p + p s  

where  q i s  t h e  dynamic pressure  (which i s  a l so   p resented)  and ps i s  the  
s t a t i c   p r e s s u r e  a t  t h e   t e s t   a l t i t u d e .  

Denoting a p o s i t i v e   d i f f e r e n t i a l   p r e s s u r e ,  A p ,  as acting  outwardly 
on t h e  canopy,  then: 

A P = P ~ - P ~  

where the   subsc r ip t  i des igna tes   in te rna l   and   the   subscr ip t  e designates  
external .   Subst i tut ing  equat ion (1) into  equat ion ( 2 )  and u t i l i z i n g   t h e  
subsc r ip t s   fo r   i den t i f i ca t ion ,   t hen  A p i s  found to   be  independent   of   the  
s t a t i c   p r e s s u r e  and defined by 

It should  be  noted  that   al though  the full value  of  the  pressure 
coe f f i c i en t ,   cp ,  i s  shown pro jec ted   in to   the   p lane   o f   the   c ross   sec t ion ,  
cp   ac tua l ly   r e f e r s   t o   t he  normal t o   t h e  canopy surface.  

-+ 
The force  vector  F due t o   t h e  canopy pressures  i s  defined by 

-t 
~ = q  j l * c p n a s  

-+ 

S 

where dS i s  t h e   d i f f e r e n t i a l + s u r f a c $   q e a  who3e outward drawn normal i s  
defined by the   un i t   vec to r ,   n .  If i ,  j ,  and  k a re   un i t   vec to r s   d i r ec t ed  
p a r a l l e l   t o   t h e   x ,   y ,  and z lobe  coordinates , respec t ive ly ;   then   tak ing  
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the   dot   products  of F w i t h   r e s p e c t   t o  i, 
* -+ 3, and k y i e l d s  

-f 

cp dy dz 

cp dx dz 

cp dY 

sur face  on the   yz ,   xz ,  and xy Ayz,  Axz,  and Aw a re   p ro j ec t ions   o f   t he .  
p lanes ,   respec t ive ly .   S ince  A cp i s  general ly   double   valued  (acts  o.n two 
sur faces)   for   the   coord ina tes   yz ,   xz ,  and x y ,  it i s  necessary  to  perform 
t h e   i n t e g r a t i o n   i n  two p a r t s .   L e t :  

A cp (x,   y1,  z )  i s  t h e   d i f f e r e n t i a l   p r e s s u r e   c o e f f i c i e n t  around t h e  boundary 
of  the  curve f ( x ,  z )  f o r  a chordwise  cross  section a t  y 1   p a r a l l e l   t o   t h e  
plane  of  the x z axes.  

A cp ( x l ,   y ,  z )  i s  the   d i f f e ren t i a l   p re s su re   coe f f i c i en t   a round   t he  
boundary of  the  curve f ( y ,  z )  f o r  a spanwise  cross  section at x1 p a r a l l e l  
t o   t he   p l ane   o f   t he  y z axes. 

Subst i tut ing  equat ions ( 6 )  , ( 7 )  and ( 8 )  in to   equa t ions (5 )   y i e lds   t he  
or thogonal   forces   of   the   pressure  loading  in   terms  of   the  running  load 
d i s t r ibu t ions  and in   the  lobe  coordinate   system. 

Ymin 
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" 

%ax ,. 
Fy = q J C$C dx  

Xmin 

Ymin 

The spanwise  and  chordwise  airload  distributions  defined  by  equations 
( 6 ) ,  (7)  and (8) were obtained  by  numerical   in tegrat ion  for   the  var ious 
lobes  and are furnished  on  Figures  16(b) , 1,7(b)   and  (c) ,   18(b) ,   and  19(b)  
and ( c ) .  The c o e f f i c i e n t s   o f   t h e   t o t a l   a i r f o r c e  components i n   t h e   l o b e  
coordinates  were  obtained  by  integration  of  these  distributions  and are 
given on the   f i gu res .  

The transformation  of  the  aerodynamic  force components  from the   l obe  
coordinate  system t o   t h e  canopy coordinates i s  accomplished by conventional 
matr ix   t ransformations.  On Figure l 5 ( a )  the   so l id   l i ne   coo rd ina te s   fo r   t he  
r igh t   l obe  are shown as x ,  y and z and are rotated  clockwise  through  the 
angle y with   respec t   to   the  canopy axes. Le t t ing   t he   subsc r ip t s  R and L 
be   a f f ixed   t o   des igna te   quan t i t i e s   a s soc ia t ed   w i th   t he   r i gh t   and  l e f t  l obes ,  
r e spec t ive ly ;   t hen   t he   t r ans fo rma t ion   o f   t he   l obe   fo rces   t o   t he  canopy 
system i s  accomplished by the   fo l lowing   re la t ionships .  

The values  of yR and yL and  the components o f   fo rce   i n   t he  canopy coordinate  
system axe recorded in   the   fo l lowing   Table  9 f o r   t h e  main even t s   o f   i n t e re s t .  
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TABLE 9.- TOTAL AERODYNAMIC  FORCES. 

( a )  203-T 

I I I Axes Rotation 
Elapsed 

t ime, s ec .  

1st  stage 
i n f l a t i o n  

2nd s t age  35.27 25 153 
i n f l a t i o n  

rota1 Aerodynamic Forces, Lb.  

FX 

0 

330 

TABLE 9.- CONCLUDED. 

(b) 205-T 

f? 
1660 d -17900 

-12400 

Event 

1s t  s t age  
i n f l a t i o n  

2nd s t age  
i n f l a t i o n  

I Axes Rotation  ITotal  Aerodynamic Forces, Lb.1 
Elapsed 

t ime,   sec .  YLo YRo 

28.72 180 0 

34.28 165   15  

FX . . " "  FZ FY ~ 

0 

-13000 365 -1360 

-19800 0 
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Discussion - The r e s u l t s  shown i n  Table 9 and in   F igu res  16 and 18 
r e p r e s e n t   t h e   s t a t i c  aerodynamic conditions  corresponding to   the  s imultaneous 
occurrence ,   neares t   o f f ic ia l  first s t age   i n f l a t ion ,   o f   t he  peak  vehicle 
axial ( 2 ' )  accelerometer  reading  and  the m a x i m u m  r igh t   l obe   i n f l a t ion .  The 
cho ice   o f   t h i s   c r i t e r i a  w a s  based on t h e  absence  of  significant  shock  type 
load ings   du r ing   i n f l a t ion   o f   t he   r i gh t   l obe .  The d i s t r ibu t ions  were  adjus- 
t e d  such t h a t   t h e   i n t e g r a t e d   f o r c e ,  q C z S ,  agreed  with  the  vehicle  axial 
decelerat ion.   For  203-T, a t  29.60  seconds  elapsed  time , t he   veh ic l e  axial 
decelerat ion  implied a drag  loading  of  17,900  lbs . For  the measured 
dynamic pressure  of  42.5  psf , t h i s   imp l i e s  an e f fec t ive   d rag   a rea  (CDS) of 
420 sq. f t .  which agrees   wi th   the   nega t ive   o f   the   in tegra l ,  CzS, of the  
v e r t i c a l  ( 2 )  loading shown i n   F i g u r e   1 6 ( b ) .   S i m i l a r l y ,   t h e   v e r t i c a l  ( z )  
loading shown f o r  205-T in   F igure   18(b)   agrees   wi th   the  317 sq. f t .   e f f e c -  
t ive   d rag   a rea   impl ied  by t h e   1 9 , 8 0 0   l b   v e h i c l e   i n e r t i a   l o a d  and  62.5  psf 
dynamic pressure at 28.72  seconds  elapsed  time. 

The r e s u l t s  shown in   F igures  1 7  and 19 coincide  with  the  peak  vehicle 
axial decelerat ions ( ? I )  i n   t h e   i n t e r v a l  between f i r s t   d i s r e e f  and  second 
i n f l a t i o n .  The impl i ed   veh ic l e   i ne r t i a   l oad ing  was approximately  12,000 
l b s .   i n   b o t h   f l i g h t s  and the   spanwise   ver t ica l   load   d i s t r ibu t ions  shown a r e  
i n  agreement  with th i s   loading .  The v e r t i c a l   l o a d   d i s t r i b u t i o n s   f o r  203-T 
and  the  r ight  lobe  of 205-T  show a large 'pressure  pulse   loading from 
rl = 0.5  t o  = 1 . 0 ,  wh i l e   t he   d i s t r ibu t ion  shown f o r   t h e  205-T l e f t   l o b e  
r ep resen t s   s t a t i c   cond i t ions .  

The spanwise  (y)  lobe  loadings  for 203-T a r e  shown in   F igure   1 .7(c) .  
Although th i s   l oad ing  i s  p a r t i a l l y   e q u i l i b r a t e d ,   t h e   d i f f e r e n c e s   i n  %C 
f o r   t h e  two lobes ,  when reso lved   for   the   lobe   ro ta t ions  and consider ing  the 
"X" i n t e rac t ions  , accounts  for  the  major  portion  of  the  1660  lb.   sideforce 
t o   t h e   r i g h t  shown as Fy i n  Table g ( a ) .  No attempt was made t o   a d j u s t   t h e  
d i s t r ibu t ions   t o   en fo rce  agreement  of  the  overload  with  the  x '  and y '  
accelerometer   readings  s ince  vehicle   osci l la t ion and the  lack  of   direct ional  
reference  impair  the  interpretation  of  the  measurements.  However, the  1660 
lb   ove r load  compaxes f avorab ly   w i th   t he   r e su l t an t   x '  , y '  i n e r t i a   l o a d i n g  0.f 
approximately 1400 l b s .  

The spanwise  lobe  dis t r ibut ions  for   the x coordinates as shown f o r  
205-T ( F i g u r e   1 9 ( c ) )   a r i s e s  from the  chordwise  opening  shock  associated 
wi th   the  sudden r e v e r s a l s   i n   c u r v a t u r e   o f   t h e   a f t   ( t r a i l i n g )   s k i r t   o f   t h e  
r i g h t   l o b e  from  concave  inward t o  convex. The extent  of t he   r eve r sa l s  at  
t h e   c r i t i c a l   t i m e  i s  shown in   the   r igh t   lobe   chordwise   c ross   sec t ions .  The 
in f l a t ed   ( convex)   sk i r t s  shown on t h e  l e f t  lobe   s ec t ions   a r e   t he   r e su l t   o f  
the   de layed   in le t  edge  deployment. The magnitudes  of t h e  x shock  loading 
on the   r i gh t   l obe  was estimated a t  -1450 l b s .  The x loading on t h e   l e f t  
lobe  was e s sen t i a l ly   ze ro .  The resolved  loading  in   the X canopy d i r ec t ion  
i s  -1360 l b s  . , given as FX i n  Table   g(b)   for  t = 34.28  seconds. 
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( a )  Conf igu ra t ion ,  bottom view. 

Dynamic pressure q=42.5 psf 

n 

-. 400 

Semispan L .= 145 i n .  
- 300 

Valid f o r  e i t h e r   t h e  

" 

0 .2 .4 .6 .8 1 .o 

Fraction  of  semispan, 9 

(b) Ver t i ca l  ( 2 )  loading 

Figure 16.- Aerodynamic loading f o r  f l i g h t  2 0 3 4  at f irst  
s t a g e   i n f l a t i o n ,  29.60 seconds  elapsed  time. 
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Figure 16. - Concluded. 
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( a )  Conf igura t ion ,  bottom  view. 
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(b) Ver t i ca l  ( z )  loading.  

Fract ion  of  max. half  chord X/; 

( c )  Spanwise (y)  loading.  

Figure 17.- Aerodynamic loading f o r  f l i g h t  203-T a t  second  stage 
i n f l a t i o n ,  35.27 seconds  elapsed time. 
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Figure 17. - Concluded. 
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(a)  Configuration  bottom  view 
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Semispan, L = 144 inches I 
- 300 

0 
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Frac t ion  of semispan, 7 

( b )  Ver t i ca l  ( z )  loading.  

Figure 18.- Aerodynamic l o a d i n g   f o r   f l i g h t  205-T at f i rs t  s t age  
i n f l a t i o n ¶  28.72 seconds  elapsed t i m e .  
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Figure 19.- Aerodynamic l o a d i n g   f o r   f l i g h t  205-T a t  second 
s t a g e   i n f l a t i o n  34.28 seconds  elapsed t i m e .  
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CONCLUSIONS 

Geometric  kinematic  and  aerodynamic  data  chaxacterizing  the  deploy- 
ment of  two NASA parawings (203-T and 205-T) have  been  established  from 
photographic , telemetry, and  Askania  data  acquired  from  flight tests of  
the  wings.  These  data are essent ia l   in   suppor t   o f   p roposed   f in i te   e lement  
s t ructural   analyses   of   the   parawing.  The mold-lof t   l ines  are needed t o  
construct  a f i n i t e  element model o f   t he   s t ruc tu re .  The kinematic  data 
are r e q u i r e d   i n   t h e  development  of  the  aerodynamic  pressure  distributions 
and  the body forces  due t o   i n e r t i a l   r e a c t i o n s .  

The data   processing  required  prudent   es t imates   and  extensive  engineer-  
ing  judgement.  Approximate  procedures were necess i t a t ed  by the  absence 
of  information on the   pos i t i ons   o f   t he  cameras r e l a t i v e   t o   t h e   r a n g e  
coord ina te   sys tem,   the   l ack   of   suf f ic ien t   ident i f iab le   marking  on t h e  
canopy  and suspension  l ines  , the  lack  of  overhead f i l m  coverage , and  the 
absence  of  timing marks on the  photographic  records.  

No measurable  data on l i n e  motions  could  be  obtained due t o   t h e  
i n a b i l i t y   t o   o b s e r v e   t h e  end  motions for adequate t i m e  i n t e r v a l s  and t h e  
lack  of   ident i f iable   intermediate   points .   Color   marking  of   quarter  
points  might  have made iden t i f i ca t ion   o f   t hese   po in t s   poss ib l e .  

The three  dimensional  characteris,tics  of  the  parawing  geometry  could 
not  be TigOrOUSly computed because  of  the  absence  of  posit ional  data on 
the  cameras involved.   This ,   coupled  with  the  lack  of   suff ic ient   ident i -  
f iable  marking on the  canopy, and the  lack  of  overhead  coverage  necessitated 
t h e  use of a s c a l e  model t o   a i d   i n   t h e  development  of t h e  mold l o f t   l i n e s .  

The time phasing  of  the  various films was d i f f i c u l t ,  and i n  some 
cases   inaccurate ,   because  of   the  lack of timing marks on t h e   d a t a  and the  
v a r i a t i o n s   i n  camera  speeds  from  the  nominal. 

Camera speeds  of 100 frames per  second were i n s u f f i c i e n t   t o   p r o v i d e  
accurate  information on acce lera t ions   o f   spec i f ic  canopy points   during 
the  sudden  terminat ion  of   inf la t ion.  

The c r i t i ca l   loading   condi t ions   for   bo th   f l igh ts   occur red   dur ing  
second  s tage  inf la t ion.   Large  pressure  coeff ic ients  were i d e n t i f i e d  as 
r e s u l t i n g  from t h e   a r r e s t i n g  of flow by t h e  sudden  termination  of  motions 
a s soc ia t ed   w i th   t he   i n f l a t ions .  These transient  aerodynamics  produced 
p res su re   d i f f e ren t i a l s  as high as f ive times t h e  dynamic p res su re   o f   t he  
free  stream. The s t r u c t u r a l   f a i l u r e   o f   f l i g h t  203-T i s  be l i eved   t o   be   t he  
r e s u l t  of the  impulsive  arresting  of  the  spanwise  expansion of t h e   r i g h t  
lobe.  On the   o the r   hand ,   t he   s t ruc tu ra l   f a i lu re   o f  205-T appears t o   b e  
caused by t h e  aerodynamic t r a n s i e n t s   r e s u l t i n g  from  an  abrupt  reversal 
in   curva ture   o f   the   r igh t   lobe   dur ing  i t s  chordwise  expansion. 

Between t h e  two f l i g h t s ,   t h e  maximum acce lera t ions   assoc ia ted  w i t h  
the   terminat ion  of   the  second  s tage  deployment  had  spanwise  magnitudes 
near 200 g ' s  and chordwise  magnitudes  slightly  over 100 g ' s .  



The opening  processes  associated  with  second  stage  inflation  axe  not 
symmetrical  and are thought to   be  the  resul t   of   improper   behavior   of   the  
f i rs t  s t age   r ee f ing   l i nes  as they   a r e  drawn through  the   reef ing   r ings  on 
the   s ide   lobe   l ead ing   edges .   S ince   bo th   l ines   have   to  d r a w  a terminal  
eye le t   th rough  the   reef ing   r ings ,  it seems l i k e l y   t h a t   t h e   e y e l e t  w i l l  
become temporarily  lodged from t ime   t o   t ime .   In   gene ra l ,   t h i s  would  imply 
an e s s e n t i a l l y  random behavior  during  second  stage  inflation. 

The r e su l t an t  aerodynamic force  components  computed  from the  es t imated 
aerodynamic  pressure  distributions showed  good agreement  with  force com- 
ponents  derived  from  the  onboard  accelerometers. 

More accurate  data  processing  could  be  achieved  by: 

Higher  speed  cameras f o r  few  seconds  of i n f l a t i o n   p r o c e s s .  
Use of identifiable  colored  markings on  canopy  and l i n e s .  
Making f l i g h t   t e s t s  on days when caxeru l ly   cont ro l led  

Use of  f ine  grain  photographic development techniques.  
Recording  coordinates o f  camera loca t ions  and o p t i c a l  

cha rac t e r i s t i c s   o f   t he  camera. 
Including  calculat ions o f  elevation,  azimuth and s lan t   range  
of  each  camera  with  the  other  Askania  data. 

Locating a t  l e a s t   t h r e e  cameras f o r  good t r i angu la t ion  on t h e  
early  phase o f  t h e   d r o p   t e s t .  

Use of more instrumented  l ines .  
Placing  onboard  camera s o  that   inst rumented  l ines   can  be 

atmospheric  conditions  are  achieved. 

observed. 
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APPENDIX A 

MOTION ANALYSIS  FROM  PHOTOGRAPHIC  RECORDS: 

PROCEDURE AND ERROR ASSESSMENT 

The filmed  records  of  the  deployment were s tud ied  on a visual  motion 
analyzer  which provided  project ion  of   the 16 mm f i l m  on a ground  glass 
working  surface.  Controls  permitted  forward  and reverse f i lm  motion at  
var iable   speeds,  as we l l  as s t i l l  pro jec t ion .  A frame counter  provided 
repeatable  frame by frame reference.  

Overlays on vellum  were made of   the   mot ions   o f   in te res t   wi th   suf f ic ien t  
de t a i l   t o   i den t i fy   t he   i n s t an taneous   conf igu ra t ion .  Vellum w a s  used t o  
obtain  superposi t ion  of   successive frames and   thus   the   re la t ive  moti.on 
of   po in ts   o f   in te res t  on t h e  canopy. I d e n t i f i c a t i o n   o f   l i n e   a t t a c h   p o i n t s  
and intermediate   points  on the  canopy s k i r t  was f a c i l i t a t e d  by t h e  con- 
t ras t ing  red  re inforcement   patches at  these   po in t s   aga ins t  a l igh t   para-  
wing  background.  Displacements  of  interest were p l o t t e d  and. numerically 
or g r a p h i c a l l y   d i f f e r e n t i a t e d   t o   o b t a i n   t h e   v e l o c i t i e s   a n d   a c c e l e r a t i o n s  
o f   pa r t i cu la r   po in t s .  

An attempt was a l so  made t o  determine  suspension  line  motions  during 
t h e   c r i t i c a l   s t a g e s   o f   i n f l a t i o n .  However, no use fu l   da t a  was obtained 
f o r   e i t h e r   f l i g h t .   T h i s  was due pr imar i ly   to   the   inadequacy   of   the  t e s t  
vehicle- to-air  film in  ident i fying  the  end  motions,   and  the  lack  of  any 
iden t i f i ab le   pos i t i ons   a long   t he   l eng th   o f   t he   l i nes .   Fu tu re   f l i gh t s  
should  have  key  lines  with  color  markings at  one q u a r t e r   i n t e r v a l s  or 
f lags   a t tached.   This  i s  absolutely  necessary,  as a minimum, f o r   l i n e  
motion s tud ie s .  

The most important  sources  of  error  in  the canopy motion  analysis 
are thought t o  be   the   de te rmina t ion   of   sca le   fac tors ,   the   t iming   of  
events  ( t iming marks were  not  provided on t h e  film) , and the  fore-shorten- 
ing  of  dimensions due t o  camera  view angle.  The following  sections are 
devoted t o  a d iscuss ion   of   these   e r ror   sources .  

Scale  Factor  Determination 

The sca le   fac tor   for   the   photographic  image of  an  object a t  a d is tance ,  D ,  
along  the camera l i n e   o f   s i g h t   ( s l a n t   r a n g e )  i s  defined as 

where A i s  the   t rue   p ro jec ted .   l ength  as seen  normal t o   t h e   l i n e   o f   s i g h t ,  
a is  t h e   l e n g t h  measured  on t h e  f i l m ,  and f i s  the   foca l   l eng th   o f   t he  
camera. If the  motion  analyser i s  used   the   re la t ion  becomes 

D SF = - M ,  
f 



-t 

where M i s  the  magnif icat ion  factor   .of   the   analyzer .   Since f and M a re  
known, t h e   s c a l e   f a c t o r  can  be  determined  provided  that   the  slant  range 
i s  known. The s lant   range  could  be  readi ly   calculated i f  t h e  camera 
coordinates  with  respect  to  the  range  references were  recorded. Un- 
for tuna te ly ,   th i s   in format ion  was no t   ava i l ab le   fo r   f l i gh t s  203-T and 
205-T.  The s c a l e   f a c t o r  must therefore   be  es t imated by iden t i fy ing  a 
known length   in   the   photograph .   In   genera l ,   the   l ack   o f   t rue- length  
dimensions  of  reasonable  size,or  in  the  case  of  the  vehicle-to-air   f i lms, 
the   l ack   of  any constant  true-length  dimensions made it d i f f i c u l t   t o  
ob ta in   accura te   sca le   fac tors .  

In  the  ground-to-air  films i n  which t h e  canopy was viewed d i r e c t l y  
overhead,   the   tes t   vehicle  bomb diameter and f lare   diameter  were avai l -  
ab le   for   t rue- length  measurement. In  general,  such  measurements made 
from the  ground  glass   screen  of   the  visual   analyzer  were l e s s   p r e c i s e  
than  those made from t h e  70-mm s t i l l  photograph  sequences. The e r r o r  
involved  in  measuring bomb diameter  from s t i l l  sequences i s  t aken   t o   be  
- + .020 inch ,  and from the  ,ground glass   screen  of   the  visual   analyzer  
- + .Oh0 inch.  Where  bomb diameter i s  the   on ly   t rue   l ength   ava i lab le , the  
e r ro r   o f  measurement  can  be considerable;   for   instance i n  the  worst 
possible  case : 

% e r r o r  = .040 inch   e r ror  * 1 O O  = + 16% 
.25O inch bomb d ia .  - 

In  f i lm  sequences  in which a line  appeared  approximately  normal t o  
t h e   l i n e  of s i g h t ,  much be t t e r   s ca l e   f ac to r   accu racy  was a t t a ined .  The 
use  of a true-length view  of a parawing  suspension l i n e  516 inches   i n  
actual   length vs a 36 inch bomb diameter  provided a reduction of measure- 
ment e r r o r   t o  1 /15  o f   t h a t   c i t e d  above  ,about 1 .0%. Care  should  be 
taken  not t o  determine  the  scale   factor  from a l ine   l ength  a t  high  loading 
unless  the  length i s  cor rec ted   for   s t re tch .   Neglec t   o f   s t re tch  may r e s u l t  
i n  an e r ro r   i n   s ca l e   f ac to r   a s   h igh  as 10%. 

I n  the  case  of  the  vehicle-to-air   f i lm  sequences,   there w a s  no dimen- 
s ion  of t rue   l eng th  from  which a reasonably  accurate  scale  factor  could 
be  determined. However, t he   ove ra l l  dimension  of  the  reefed  center  lobe 
w a s  determined from  ground t o  a i r  sequences a t  second  s tage  inf la t ion.  
S ince   t h i s  dimension was found to   be   r e l a t ive ly   cons t an t ,  a r a t i o   o f   t h e  
center  lobe  dimension  scaled from the  ground-to-air   f i lm and t h e   v e h i d e -  
t o -a i r   f i lm  was used to   p rov ide  a s c a l e   f a c t o r   f o r  views  taken by the  
camera i n   t h e   t e s t   v e h i c l e .  

where: SF = s c a l e   f a c t o r  
C = Center wing (reefed)  fore-aft   dimension 

measured on the   f i lm  
g / a  = ground-to-air 
v /a  = vehicle-to-air  

The corresponding  dimension  from t h e  s t i l l  photo  sequences w a s  used t o  
check t h e   r e s u l t .  These showed a reasonable  agreement,   that  i s ,  within 5%. 
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The change i n   a l t i t u d e  from f i rs t  d i s r e e f   l i n e - c u t   t o   l i n e   t r a n s f e r  
w a s  4.75%. Error  due t o  camera  approach was minimized in   gene ra l   by  
de te rmining   the   sca le   fac tor   for   each   per iod   of   in te res t   be ing   ana lyzed .  
The e f f ec t   o f   ho r i zon ta l   t r ans l a t ion  away from or toward  the  camera w a s  
i n   g e n e r a l   n e g l i g i b l e   f o r   t h e  small t ime  per iods  of   interest .  

Film  Speeds  and  Timing  of  Events 

The t imes  given  in  Table 1 for   the   occur rence  of par t icu lar   events  
were correlated  with  visual   evidence  to   determine  f i lm  speeds.   In   general ,  
the  film  speeds  analyzed  correlated  reasonably  well  with  the  nominal. An 
exception w a s  the  vehicle-to-air   sequences where the  nominal  camera  speed 
of 200 frames  per  second was found t o  be i n   e r r o r .  

Vehicle t o  air camera  speed - The number of  frames  between  program 
chute  disconnect and l i n e   t r a n s f e r  can  be  precisely  determined  from  the 
t e s t   v e h i c l e  camera records,   s ince  the  occurrence  of   these  events  i s  recorded 
by the  appearance  of smoke  when t h e   i n i t i a t i n g   s q u i b  i s  f i red.   For  
203-T, t h i s  number was 2059 frames. It fol lows  that   the   average camera 
speed   dur ing   th i s   t ime  in te rva l  was 

2059 frames - 2059 
cs = (45.234 - 27.357) sec .  17.877 -- = 115 frames/sec. 

I n   f l i g h t  2O5-T, the  interval  of  squib-to-squib f irst  smoke y ie lded  
t h e  same camera  speed: 

cs = 2058 frames " 2058 = 
44.163 - 26.246 sec.  17.817 

- 115 frames/sec. 

Camera speeds   ca lcu la ted   for   subse t   in te rva ls   ind ica ted   tha t   the  
camera  speed was s teady   for   the   vehic le - to-a i r   f i lms .  

Ground t o  a i r  Sequences - In   co r re l a t ing   f i lm   even t s   p rec i se ly   w i th  
Askania  event  data, some d i f f i c u l t y  w a s  experienced due to   t he   poss ib l e  
delay  between  reefing  l ine  cut and subsequent f i r s t   v i s i b l e  motion f o r   t h e  
various  disreef  stages.  Consider,  for  example,  the  selection  of  the con- 
f igura t ion  (i  .e.,  photo  frame)  corresponding  to  the  peak  vehicle  decelera- 
t ions  during 205-T second  s tage  inf la t ion.  Two peaks  occurred, 'i' = 2.60 g ' s  
at 34.28 and ' i f  = 2.70 g ' s  at 34.64 seconds  elapsed  time. 

Based on a nominal  camera  speed  of 100 frames  per  second, a delay  of 
0.14 seconds  ensues  between l i n e   c u t  and t h e  first visible  motion. ??lis 
p l a c e s   t h e   c r i t i c a l  frame at  0.18 seconds afm. The configuration  repre- 
sented by t h i s  frame is  shown in   F igu re  20( a ) .  

A calculat ion  of  camera  speed  based on the  frames  from  program  chute 
d isconnec t   to   the   beginning   of   l ine   t ransfer  gave t h e  camera  speed a t :  
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where: F = frame 
t = t i m e  
It = l i n e   t r a n s f e r  
ped = program  chute  disconnect 

CS = (2570 - 723) frames/17.917 see .  = 103  frames/sec. 

Calcu la t ing   the  frame of f i rs t  d i s r ee f   l i ne -cu t   r e f e renced   t o  program  chute 
disconnect at t h i s  camera  speed  gives  the  line-cut  frame number as: 

where: IC = l i n e   c u t  
ped = programLchute  disconnect 

F l c  = (33.956 - 26.246  sec.  elapsed time) (103  frames/sec) + Fpcd 

F l c  = 7.71 sec  (103) + 723 = 1514 

This   ca lcu la t ion ,  which  added 21 frames t o   t h e  1494 frames at  nominal 
camera speed,  places  l ine-cut at  6 frames af ter  f i r s t  vis ible   motion on 
the   f i lm  and i s  the re fo re   r e j ec t ed .  If , however, f i r s t  vis ible   motion 
were t aken   t o   be   equ iva len t   t o   l i ne -cu t ,   t he   con f igu ra t ion  which should 
represent   the  f i r s t  peak  vehicle  deceleration i s  shown in   F igu re   20 (b ) .  
Since  there  were two peaks,   2.60  and  2.70  g 's ,   during  this  stage  of 
i n f l a t i o n ,  it appears  that   the  nominal camera speed  calculated  gives a 
reasonable   correlat ion  of   configurat ion  with  vehicle   decelerat ions.  
Figure  20(c) shows the  second  peak, ' i f  = 2.7  g 's  a t  0.54 second a f te r  
f irst  motion, when the   t r ansve r se  canopy sk i r t -poin t  L3 displacement i s  
completed, the  forward canopy edges   a re   in f la ted ,  and both   t ra i l ing   edges  
are cont inuing   to   unfur l   and   in f la te .  

Fwd Fwd Fwd 

- .  L e f t  

( a )  t = 0.18 see  a f m  (b)  t = 0.32 ( c )  t = 0.54 

Figure  20. - Fl igh t  205-T Second Stage   Inf la t ion .  
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Determination  of  True  Dimensions 

The k inemat ic   da ta   suppl ied   in   the   sec t ion  on "CANOPY MOTION AND ARj3.A" 
are apparent  displacements , v e l o c i t i e s  , and  acce lera t ions   s ince   they  were 
not   cor rec ted   for   foreshor ten ing  due t o  viewing  angle.  Neglect  of  the 
foreshortening  due t o  camera or ien ta t ion   resu l t s   in   d i sp lacements ,   ve lo-  
c i t i e s  , and  accelerations  being  lower  than  actual  values.   These  data  were 
recorded i n   t h i s   f a s h i o n   s i n c e   t h e y  are d i r ec t ly   r educ ib l e  from the  photo- 
graphic  images  and are r ead i ly   r e l a t ed   t o   t he   t rue   d i sp l acemen t s ,   ve lo -  
c i t i e s ,  and  accelerations  by a s c a l a r   n u l t i p l i e r .   I n   t h i s   s e c t i o n   t h e  
methods fo r   ob ta in ing   t he   co r rec t ion   f ac to r s  are shown, and the   quan t i t i e s  
are recorded   for   the   per t inent   f rames   o f   in te res t .  

Method fo r   ob ta in ing   co r rec t ion   f ac to r s  - Refer r ing   to   F igure  21 ,  it 
i s  assumed t h a t :  (1) po in t s  0 ,  2 ,  3, 4, and 5 all l i e   i n  a plane  which i s  
pe rpend icu la r   t o   t he   pos i t i on   vec to r ,  f01, of   po in t  1 wi th   respec t  t b  
po in t  0 ,  ( 2 )   t h e   t r u e   l e n g t h ,  L , of  $01 i s  known along  with  the  overall  
s c a l e   f a c t o r  (SF)  f o r   t h e  camera  and  motion analyser .  

It  follows  from  assumption  (2)  that   the  scaled  true  length  of fol 
i s  given  by: 

and the  angle  , 0, between  the  l ine  of   s ight   and r01 (view  (b)  ) i s  
* 

where rol( a), i s  the   p ro jec t ion   of  '01 i n  view ( a ) .  
-P 

The transformation from t h e  camera frame coordinate   system  (x,   y ,   z)  
t o   t h e  (r, y1, 3) system i s  

cos $b Y (1) 
Z 1  0 0 1 

where the  angle  I,$ i s  measured d i r e c t l y  from  view ( a ) .  The transformation 
from t h e  ( X 1  y1 z ~ j s y s t e m   t o   t h e  system  (x2 y2 22 ) ,view ( c ) ) ,   i n  which the  
t rue   l eng th  r ( t )  of any l i n e   i n   t h e   p l a n e  normal t o  $01 i s  def ined,  i s  
given by 

Now 22 = 0 f o r   p o i n t s  0 ,  2 ,  3 ,  4 and 5 by virtue  of  assumption 1 (view 
( b ) )  . Hence , from  equation (2 )  and t h e   t h i r d  row of  equation (1) , 

z1  = z = -x1 t a n  ,g ( 3 )  
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Figure 21. - Determination of true lengths 
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Subst i tut ing  equat ion ( 3 )  for  z1 i n  
row, s ince  22 i s  always  zero,  gives 

equation (2) and d e l e t i n g   t h e   t h i r d  

Now x1 and  y1  can  be  obtained  directly from equation 
not  dependent upon t h e  unknown z ,   thus  

By per forming   the   mat r ix   p roduct ,   there   resu l t s ;  
c 

(1) because  they are 

Equation ( 6 )  provides  the  values  of x2 and  y2  for  a given  point  having 
coordinates x, y as measured i n   t h e  camera frame, view ( a ) .  Equation ( 7 )  
provides   the  t rue  length  of   the  desired  dimension.  When ret); i s  mult ipl ied 
by t h e   s c a l e   f a c t o r  (SF) the   t rue   d imens ion   of   the   fu l l   sca le   ob jec t  i s  
obtained. The co r rec t ion   f ac to r   fo r  camera  view  angle i s  t h e   r a t i o  cf 
the   t rue   d imens ion   t o   t he  measured  dimension. It  should  be  noted  that   the  
technique  presented above i s  v a l i d   o n l y   f o r   t h e   c c n s t r a i n t   t h a t   t h e   p o i n t s  
of i n t e r e s t  l i e  i n  a comm  p l ane   pe rpend icu la r   t o   t he   vec to r  whose t r u e  
length  i s  known. Furthe-rmore , zhe method depends upon  knowledge of   the  
sca le   fac tor .   S ince   the   s lan t   range  i s  not known, t h e   s c a l e   f a c t o r  must 
be  es t imated  by  ident i fying a known length  on the  photograph.  This i s  
inaccurate  because r l f  e las t ic   e longat ions   and   became  of   the   d i f f icu l ty  
of l oca t ing  a known dimension i n  i t s  t r u e  view. 

Results - Camera view angle  correction  factors  were  determined for 
each of  the  displacement  hj-stories gf' Figures 9 and 10 and  are shown on 
the  appropriai .e  f igure.  These factor:;  are also smmarized  in   Table  10.  
k comparison  of  the xaximun corrected.  displacements i s  a l so   p resented :  
together   with  averages  for   the two f l i g h t s  and % devia t ion  from the  average. 
The l a t t e r  are presented as a measure  of   the   possible   error   in   displace-  
ment r e s u l t i n g  from the   ana lys i s .  It should be noted, however , t h a t   t h e  
c r i t i c a l   v e l o c i t i e s ,  which are a major   ob jec t ive   o f   the   ana lys i s ,  are 
re la t ive ly   unef fec ted   by   the   overa l l   e r rors   in  maximum displacement,   since 
the  veloci t ies   are   obtained  by  differences  in   local   d isplacements   during 
small time i n t e r v a l s .  
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~ _ _  

Second  Stage  Inflations 
203-T ry (R3) 
205-T ry (R3) 
Average 

~ ~~~ 
~ _ _  

Second * l i g L  Stage   Inf la t ions  

203-T ry (R3) 
205-T ry (R3) 
Average 

203-T ry ( L 3 )  
205-T ry (~3) 
Average 

203-T TX 

205-T rx 
Average 

Third  Stage  Inf la t ion : 
203-T r X  

205-T T X  

Average 

Fourth  Stage  Inflation: 
203-T rY 

Measured 
Displacement 

( fee t  ) 

16.6 
16.2 

17 .o 
13.4 

9 -0 
10.0 

16.6 
21.5 

36 f t .  

View 
Zorrection 
Factor 

1.032 
1.060 

1.040 
i .013 

1.030 
1.043 

1 .124  
1 .145  

1.0 

flaximum 
2orrected 
lisplacement 

( feet  ) 

17.2 
17.2 
17.2 

17.8 
13.6 
15.7 

9.26 
10.43 
9.84 

18.7 

21.65 
24.6 

36 f t .  

Deviation 
From 
Average 

0 .o% 

12.1% 

5.9% 

13.6% 

The average  values  of  the maximum spanwise  displacement  agreed  fairly 
wel l   wi th   the   theore t ica l   d iameter   o f   in f la ted   r igh t  and l e f t  hand  lobes 
(16.8 feet)   a t   the   complet ion  of   second  s tage  inf la t ion.   Al though good 
agreement was obtained  for  spanwise  displacement  of R 3  and L 3  f o r   f l i g h t  
203-T (17.2 fee t  vs 17.8 f e e t ) ,  a d i s p a r i t y   r e s u l t e d   f o r   t h e  205-T f l i g h t ,  
(17.8 vs   13 .6   f ee t ) .   Th i s   d i spa r i ty   ex i s t ed   i n   t he  r a w  data  and i s  due 
t o   t h e  ambigui ty   o f   the   loca t ion   of   the   cen t ro id   o f   the   cen ter   lobe   in le t  
used  as a reference  from which t o  measure  the  transverse  displacements. 

The 13.6% deviat ion  of  canopy displacements  from  the  average  during 
t h i r d   i n f l a t i o n  is probably due t o   t h e   r i p p e d   p a n e l   i n   f l i g h t  203-T. 
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